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Size effects in solid state physics show awide variety of optical phenomena: they
range from metal particles causing the colorisation of glass, to semiconducting
quantum dots which serve as atomic model systems. Ubiquitous scattering phe-
nomena, such as the rich colours of sunsets, or the opalescence of certain drinks,
base on the optical properties of small particles, too.
Today, the optical properties of single metal nanoparticles (MNPs) are com-
monly applied consciously in a variety of optical applications. These optical
properties, mainly the spectral composition of their scattering cross sections and
enhanced near-fields, and their dependence on the material, shape, and size of
the MNPs have been the subject of many thorough examinations.
This thesis examines and exploits the optical properties of pairs ofMNPs. Pairs
of MNPs offer two further issues, which both affect the local fields in their vicin-
ity: the distance between them, and their relative orientation with respect to the
polarisation of the excitation light. These properties are subject of three chapters:
One section examines the distance-dependent and orientation-sensitive scat-
tering cross section (SCS) of two equally sized MNPs. Both near- and far-field
interactions affect the spectral position and spectral width of the SCS. Far-field
coupling affects the SCS even in such a way that a two-particle systemmay show
both a blue- and redshifted SCS, depending only on the distance between the
two MNPs. The maximum distance for this effect is the coherence length of the
illumination source – a fact of importance for SCS-based experiments using laser
sources.
Another part of this thesis examines the near-field between twoMNPs and the
dependence of the locally enhanced field on the relative particle orientation with
respect to the polarisation of the excitation light. To attain a figure of merit, the
intensity of fluorescence light from dye molecules in the surrounding medium
was measured at various directions of polarisation. The field enhancement was
turned into fluorescence enhancement, even providing a means for sensing the
presence of very small MNPs of 12 nm in diameter as fabricated by the diblock-
copolymer technique. Although being a robust imaging technique, the approach
dof fluorescence at two adjunctive MNPs turned out to be too vague for quantify-
ing the local field enhancement.
In order to quantify the near-field experimentally, a different technique is de-
vised in a third section of this thesis – scanning particle-enhanced Raman mi-
croscopy (SPRM). This device comprises a scanning probe carrying an MNP
which in turn is coated with a molecule of known Raman signature. By ma-
noeuvring this outfit MNP into the vicinity of an illuminated second MNP and
by measuring the Raman signal’s intensity, a spatial mapping of the field en-
hancement was possible.
eZusammenfassung
Die Auswahl gro¨ßenabha¨nger, optischer Effekte in der Festko¨rperphysik reicht
von Metallpartikeln zur Fa¨rbung von Glas bis zu Halbleiter-Quantenpunkten,
welche als Modellatome dienen. Auch allgegenwa¨rtige Pha¨nomene, wie z.B.
der Farbenreichtum von Sonnenunterga¨ngen oder die Opaleszenz mancher Ge-
tra¨nke, fußen auf den optischen Eigenschaften kleiner Partikel.
Heutzutage nutzt man die optischen Eigenschaften einzelner metallischer Na-
nopartikel (MNPs) in einer Vielzahl von Anwendungen. Diese Eigenschaften, et-
wa die spektrale Zusammensetzung des Streuquerschnitts und Feldu¨berho¨hung
im Nahfeld, sowie deren Abha¨ngigkeit von Material, Form und Gro¨ße des
MNPs, waren Gegenstand vieler gru¨ndlicher Untersuchungen.
Diese Dissertation untersucht und nutzt die optischen Eigenschaften von
MNP-Paaren. MNP-Paare bieten zwei weitere Parameter, welche beide auf das
Nahfeld der zwei MNPs wirken: zum Einen der Abstand der zwei MNPs zuein-
ander, zum Anderen die relative Ausrichtung des Paares bezu¨glich der Polarisa-
tion des anregenden Lichts. Diese Eigenschaften sind Thema der Arbeit:
Ein Abschnitt untersucht den abstands- und orientierungsabha¨ngigen Streu-
querschnitt (SQS) zweier gleichgroßer MNPs. Die spektrale Position und die
Breite des SQS wird von Wechselwirkungen sowohl im Nah- als auch im Fern-
feld beeinflußt. Der Einfluß der Fernfeld-Wechselwirkung geht so weit, daß ein
Zwei-MNP-System sowohl einen blau- als auch einen rotverschobenen SQS ha-
ben kann – dies ha¨ngt lediglich vom Abstand der zwei MNPs ab. Die Reichwei-
te dieser Fernfeld-Wechselwirkung wird durch die Koha¨renzla¨nge der Beleuch-
tungsquelle bestimmt – eine wichtige Tatsache fu¨r SQS-Untersuchungen, welche
Laserquellen verwenden.
Ein weiterer Teil der Dissertation untersucht das Nahfeld zwischen zwei
MNPs. Insbesondere wird daargestellt, inwieweit die U¨berho¨hung des Nahfelds
von der Orientierung des Partikelpaares bezu¨glich der Polarisation des Anre-
gungslichts abha¨ngt. Um den Effekt quantifizieren zu ko¨nnen, wurde die Inten-
sita¨t der Fluoreszenz des umgebendenMediums fu¨r verschiedene Polarisations-
richtungen gemessen. Die lokale Feldversta¨rkung konnte in eine Fluoreszenz-
versta¨rkung gewandelt werden, mit deren Hilfe sich sogar die Anwesenheit sehr
fkleiner MNPs nachweisen ließ (12 nmDurchmesser, hergestellt mithilfe inverser
Mizellen). Obwohl Fluoreszenz eine recht robuste Mikroskopietechnik ist, stellte
sie sich als zu ungenau heraus, um der Sta¨rke des Nahfelds an zwei MNPs eine
quantitative Gro¨ße zuordnen zu ko¨nnen.
Wie Nahfelder doch experimentell bestimmt werden ko¨nnen, stellt ein dritter
Abschnitt dieser Dissertation vor – per MNP-versta¨rkter Raman-Rastersonden-
Mikroskopie. Diese Technik besteht aus einer Rastersonde, welcher ein MNP
anheftet, welches wiederum mit einem Moleku¨l bekannter Ramansignatur
u¨berzogen ist. Indem solch eine Sonde in die unmittelbare Na¨he eines zweiten,
beleuchteten MNPs gebracht wurde und dabei die Intensita¨t des Raman-Signals
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Abbreviations and Symbols
α angle
αR polarisability of a particle
A, B distinct experimental configurations
(a), (b) a distinct nanoparticle
APTMS aminopropyl-trimethoxysilane
AT alkanethiol
β angle between principal axis and horizon (x,y-plane)
BK7 boron crown glass, Schott’s recipe 7
δ radius difference of two particles
CDA see DDA
D diameter of a sphere or circle
d center-center distance of two particles
DDA discrete dipole approximation
DT 1,10-decanedithiol, HS(CH2)10SH
 permittivity
E0 centre energy of an SCS
f field enhancement factor
F intensity enhancement factor
FIB focused ion beam
FWHM full width at half maximum
hf energy of a photon
hν energy of a phonon
I intensity
λ wavelength
λ0 centre wavelength of an SCS
LC coherence length of a light source
LC, LCD liquid crystal (display)
MNP metal nanoparticle
l Abbreviations and Symbols
NSOM near-field optical microscope, identical to SNOM
n index of refraction
OT 1-octanethiol, S1C8H18
PVP poly(2-vinylpyridine) a polymer
R particle radius
r an unspecified distance
Qscat scattering efficiency
S Raman signal intensity
S0,S1 molecular states
SCS scattering cross section
SERS surface-enhanced Raman spectroscopy
SERRS surface-enhanced resonant Raman spectroscopy
SLM spatial light modulator
SNOM scanning near-field optical microscope
SPA small particle array
SPFM scanning particle-enhanced fluorescence microscopy
SPM scanning probe microscopy
SPRM scanning particle-enhanced Raman microscopy
SQS Streuquerschnitt (german for SCS)
TERS tip-enhanced Raman spectroscopy
θ half angle of a lens aperture
W FWHM of a peak
x,y coordinates in the focal plane






according to D. Adams
The properties of metal nanoparticles have been of use for mankind for cen-
turies: in the form of stained glass, which may contain gold colloids of 5 to
60 nm in diameter, nanoparticles have served as a means of ornamentation for
more than one millenium [1]. Today, the application spectrum of such particles
has broadened, as they provide high benefits especially in histochemistry and
cell biology, where they have been applied in both optical [2] and electron mi-
croscopy [3] for decades now. As nano-sized gold colloids can be coated with
antibodies and proteins, conjugation and capture processes may be screened or
even traced [4].
A different field for the application of metal nanoparticles is surface-enhanced
Raman spectroscopy, where substrates loosely covered with particles have been
used for more than ten years [5].
The mentioned optical applications usually rely on a multitude of particles: in
bio-imaging, agglomerations of “labels”, e.g. enzymatically functionalisedmetal
particles, mark areas of interest, and the Raman hot spots of an enhancing sub-
strate are more or less stochastically distributed.
With the advent of new technologies, namely piezo-actuated scanning probe
microscopes and modern optics including lasers and highly sensitive detectors,
the field of NANO-OPTICS evolved: structures in a size regime well below typical
optical wavelengths became manufacturable and could be examined optically.
In the field of nanoparticles, single particles became accessible – structures such
as single nanoscopic protrusions in a metal became finally applied for near-field
optics in 1989 [6]. For a couple of years, the examinations of nanostructures
concerned singled nanoparticles lying on a substrate, used for fluorescence en-
hancement and spectroscopy [5, 7, 8]. The “neat idea” to use a single particle as
an active probe, proposed in 1985 [9], took more than 15 years to be established
2 Introduction
experimentally: in 2001, Kalkbrenner et al. attached a previously selected single
metal particle to a scanning tip and used it as a scattering scanning near-field
optical microscope (s-SNOM) [10].
Spectral properties of two particles
Now, since the single-particle probe is established and well understood [11], it
is applied successfully in different scanning-probe experiments emphasising the
optical properties of the particle: fluorescence of a single molecule has been ex-
amined [12, 13], and the radiation of the particle itself was used for imaging
metal structures [14]. The text at hand will pick up the idea of the latter experi-
ment in chapter 2 in order to clarify the spectral properties of two metal nanopar-
ticles. As will be shown, two identical particles may show either a blue- or red-
shifted scattering efficiency, depending on their distance and orientation. As
systems of two particles provide strong local fields, chapter 3 examines these
fields and their effect on fluorescent molecules more closely, expecting a first
direct quantification of these local fields.
The challenge of Raman scattering
Onemight note that no scanning particle-enhanced Raman experiments are men-
tioned in the paragraphs above. While such experiments should be possible, the
claim “NSOM Raman experiments are difficult.” [15] contains a certain truth –
although the authors of this claim did not apply particles for their purposes.
The reason for this evasion: Raman scattering cross sections are smaller by many
orders of magnitudes than e.g. fluorescence cross sections, so an observation
of Raman signals requires very high electric fields. These intensities might be
achieved by high illumination intensities. However: if the illumination source
was orders of magnitudes brighter, it would tend to damage the system under
examination.
Therefore, a different approach was established: rough metal films may provide
local field enhancements, possibly strong enough to analyse the Raman signal
of single molecules [7, 16]. At this, the origin of the roughness may be artifi-
cial, hence any nano-structuring technique, or the natural tendency of vapour
deposited metal films to grow islands and grains is applicable. As the spatial
resolution of this surface-enhanced Raman spectroscopy (SERS) still is limited
by the diffraction limit of the optics used, one tries to implement tip-enhanced
3Raman spectroscopy (TERS), where a massive metal tip is used as a nanoscale
antenna and locus of field enhancement. While the spatial resolution of such
a TERS system is better than for SERS, the field enhancement factors reached
up to now are not as high as those obtained occasionally from SERS [17] – sin-
gle molecule TERS experiments are only possible for resonant Raman scattering
systems.
A novel tool
The chapters 2 and 3 of this thesis provide portions of technology and knowl-
edge necessary to explore the properties of Raman signals generated by local
field enhancements between metal nanoparticles. Namely, in chapter 2, a means
for manipulating single metal nanoparticles is introduced, accompanied by an
introduction to the scattering properties of pairs of spherical metal nanoparti-
cles and furthermore, the concept of near- and far-fields is ushered. Chapter 3
points out that under certain conditions, two nanoparticles, if brought close to
each other, may yield remarkable enhancements of the local electric field and
therefore of the locally generated fluorescence signal.
These issues, properly combined as in chapter 4, will produce a novel scan-
ning probe technique: Scanning Particle-enhanced Raman Microscopy (SPRM).
A scanning particle probe will be equipped with a molecule of known Raman
signature. If this scanning particle “sees” a higher near-field, the Raman signal
will be increased. By means of such a probe, the near-field coupling and thereby
the local field enhancement may be quantified with a spatial resolution deter-
mined by the probe properties.
Finally, some considerations concerning the subsumption of this thesis can be
found in chapter 5, accompanied by some thoughts about the future steps to be
taken.
4 Introduction
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2. Far- and near-field coupling of
two equally sized Au particles
There are people in the world who know no misery
and woe and they take comfort in cheerful films about
twittering birds and giggling elves. There are peo-
ple who know that there’s always a mystery to be
solved and they take comfort in researching and writ-
ing down any important evidence.
Lemony Snicket,
A Series of Unfortunate Events
2.1. Introduction
As it is often with theory and experiment, the theory proposes very daedal ex-
periments at the very edge of (and sometimes beyond) feasibility. While the scat-
tering theory of GustavMie (1868-1957), which gives an analytical description of
particles scattering and absorbing light, could be easily proved experimentally
for ensembles of particles, e.g. by examining the properties of suspensions of par-
ticles and droplets, a proof for the validity of the theory for single particles could
be given only almost 100 years after the theory was presented, which was pub-
lished in 1908.
This chapter will reveal the spectral peculiarities of two scattering particles.
This system is complex enough already to repel analytical solutions. Therefore,
the first elaborated theories1 of only two gold particles scattering white-light on
each other are much younger thanMie’s theory – they are from 2006 [19, 20], and
have been an inspiration for this chapter [21].
The following section will sum up the theory describing the physics of two
metal nanoparticles interacting under white-light illumination. The sections af-
ter that will describe what measures are needed in order to access the system
1The angular resolved scattering of monochromatic microwaves for the case of two touching
spheres was examined both in theory and experiment in 1996 [18].
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experimentally, and give an understanding of the findings in comparison to the
predictions.
2.2. Theoretical considerations
2.2.1. Light scattered by a single particle
Consider one gold sphere of 80 nm diameter, embedded in a medium of refrac-
tive index n. How to describe such a particle and its interaction with light?





Sometimes, in the literature the scattering behaviour of MNPs is described by
normalising the scattering cross section Cscat to the projected area of the MNP,
A = piR2 (R being the particle radius). The result is called the scattering efficiency
Qscat = Cscat/A:
Iscat(λ) = Qscat · I0(λ). (2.2)
WhileCscat gives an effective diameter or radius,Qscat provides a kind of percent-
age. In the context of this book, R (and therefore A) is an important parameter.
So I will stick to the cross section representation of Cscat, as it doesn’t “hide” any
parameters.
Now, the next two sections treat the methods to quantify the scattering proper-
ties, namely the dipole approximation and the multipole representation. Many
textbooks give extensive representations of the scattering behaviour of conduct-
ing spheres [22, 23, 24, 25] – here, just a purposeful subsumption is given, mainly
following the path of Bohren and Huffman [22], using the notation of the “Prin-
ciples” [24, 25].
Quasistatic dipole approximation
In a slight variation of the notation of Bohren and Huffman [22], the size pa-
rameter x = kR = 2pinmR/λ is introduced. Here, nm is the index of refraction of
the embedding medium, and R is the radius of the particle. For a particle being
small in comparison to the wavelength (x 1, i.e. R λ), a first-order dipole





∣∣∣∣ 1 − m1 + 2m
∣∣∣∣2 . (2.3)
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Figure 2.1.: The influence of the index of refraction of the embedding
medium on the scattering cross section of an 80 nm Au particle. The
higher the index of refraction, the more red-shifted is the spectrum. The
relative increase of the scattering cross section is caused by the reduced
optical path length and suppressed total internal reflection at higher
indexes, see section 2.3.4.
1 denotes the permittivity of the material of the sphere, m is the permittivity
of the embedding medium. Of course, they usually are dependent on the wave-
length λ. Switching from efficiency to cross section and expressing the index of
refraction as nm =
√




∣∣∣∣ 1 − m1 + 2m
∣∣∣∣2 . (2.4)
For metals, the real part  ′ of the permittivity 1 =  ′ + i ′′ is negative, hence
it is possible that the denominator 1 + 2m approaches zero – this is called a
plasmon resonance. The maximum scattering efficiency occurs at 1 = −2m,
therefore if vacuum (m = 1) is the surrounding medium, 1 must be −2. In a
mediumwith n =
√
m = 1.52 such as BK7 glass, the scattering efficiency will be
maximised for 1 = −4.62.
Equation 2.3 suggests that for different embedding media the resonance posi-
tion of the particles is shifted: the higher the index of refraction n =
√
m, the
lower the resonance energy position, hence the longer the resonant wavelength.
A visualisation of this effect can be seen in fig. 2.1. For most metals, the compo-
nents of the permittivity are significantly wavelength sensitive: 1 = 1(λ). From
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Figure 2.2.: Permittivity of gold, both real ( ′) and imaginary ( ′′) part,
and the index of refraction n, as a function of λ in the visible regime.
fig. 2.2 one could tell that the resonant condition for gold particles should be ful-
filled at λ = 480 nm and λ = 520 nm for vacuum and BK7, respectively. These
wavelengths give the limit for very very small gold spheres. “Very very small”
denotes particles of a diameter below 20 nm. For larger particles, a more exten-
sive framework must be applied in order to obtain predictions which comply to
actual measurements.
Multipole representation
For particles of diameters ranging2 from 20 to 160 nm, the resonances just calcu-
lated are too high-energetic, i.e. blue-shifted when compared to actual spectra.
While the qualitative statements of the quasistatic dipole model are correct, a
more elaborated theory is necessary in order to generate both qualitatively and
quantitatively correct statements.
According to G. Mie, for particles with a radius R λ the spectral scattering












Here, l denotes the order of the electric respectively magnetic spherical multi-
pole oscillations al and bl. For particles with a radius R  λ, these functions
2The lower boundary is set by the mean free path length of the electrons. The upper boundary
is determined by the transition to an extended bulk, where opposite sites may react indepen-
dently to external fields.


























From amathematical point of view, the problem of one scattering spheremight
be considered as “solved”, but by introducing a few assumptions, the underly-
ing physics becomes slightly clearer [22]. For αR  1, thus very small particles
(but still larger than point-dipoles), the electric multipole oscillation al domi-










Luckily, for l = 1, this expression is identical to the first order dipole approxima-









∣∣∣∣ 1 − m1 + 2m
∣∣∣∣2 . (2.11)
So the resonance condition of 1 = −2m, as stated by the quasistatic dipole
model, is preserved. Both representations of Cscat share a dependence on the
particle volume square, i.e. R6: a particle of half radius will scatter only 1.6% of
the power scattered by a sphere of the reference radius. A second feature note-
worthy is the proportionality of the scattering efficiency to 1/λ4.
For higher orders of l, the position of the resonance is affected notably and
equation 2.10 becomes more elaborated, especially as lower order terms of bl
can not be neglected anymore, as they are in the range of higher order al. But in
comparison to the dipole approximation, the expression becomes more precise
as well. Basing on Mie’s theory including higher orders of l, So¨nnichsen [26]
provides a crude rule of thumb for the plasmon resonance position λ0 of a gold
particle embedded in a medium n = 1.5:
λ0(D) =
1.15 · 109
2.09 · 106 − 20D . (2.12)
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Figure 2.3.: The spectral position λ0 of the resonance of a single gold
sphere depending on its diameter D. According to the conditions of
equation 2.12 the particle is embedded in a medium of n = 1.5.
With D = 2R being the particle diameter in nm, the resulting curve is found in
fig. 2.3. According to this, our prototype sphere of 80 nm diameter, embedded
in a medium of n = 1.5, has a spectral resonance at λ0‖80 nm = 585 nm. It should
be kept in mind that equation 2.12 is only valid for gold particles in a medium of
n = 1.5 and, most relevant, just within a particle diameter D from 20 to 160 nm
due to the aforementioned reasons.
A second property of a resonance is its spectral widthW, of which exist several
definitions. As the line shapes treated in this book are not of Gaussian shape3, a
quite handy definition of W is chosen here: W denotes the width of the feature
at its half height (FWHM).
For very small particles of 20 to 60 nm, theW of the scattering cross section is
constantly ≈ 50 nm. For particles larger than this, a linear dependency between
diameter d and W may be assumed , but the shape of a particle is much more
important for the actual line shape [26].
Field enhancement in the vicinity of a MNP
A very interesting aspect concerning a scattering MNP is the induced dipole
and the according near-field: as depicted in fig. 2.4, the near-field provides an
intensity enhancement in the range of sixteen times the incident electric field. In
consequence, the local field is≈ 4 times higher than the illuminating field [25, 27].
3Generally, for representation with an abscissa proportional to the photon energy (f,ω, eV),
the scattering spectrum may look symmetric, e.g. like a Lorentz or Gauss distribution. For
abscissas being proportional to the photon momentum (λ,k), the lines are smeared out into
the “red” direction. Besides, the material properties may warp the line shape as well.
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Figure 2.4.: MMP-Calculation of the enhanced intensity in the vicinity
of an MNP. A plane wave (λvac = 532 nm, k‖z, E‖x) illuminates a gold
sphere of 80 nm in diameter. The enhanced near-field provides an in-
tensity of approximately 16 times the incident intensity, so the electric
field is enhanced by a factor four.
Due to retardation, the near-field lobes at the given sphere in fig. 2.4 are “di-
rected” upwards into the direction of k. This is of importance if one tries to
exploit this enhancement for any application, as the direction of illumination
plays a role, although the MNP is symmetric and the surrounding medium is
homogeneous.
2.2.2. Light scattered by two neighbouring particles
While the optical scattering properties of a small sphere can be evaluated an-
alytically, the problem turns into numerical effort for two spheres. In order to
evaluate such arrangements, the choice of the numerical tool is of no impor-
tance, as e.g. both generalized Mie theory [20] and MMP, the multiple-multipole
technique (see Appendix A.3.1), lead to congruent results.
Consider two identical particles, labelled (a) and (b) hereafter, both 80 nm in
diameter, consisting of gold, embedded in a medium with n = 1.5, illuminated
by white-light as in fig. 2.5. The composition of the light back-scattered by the
two spheres depends on the distance d between the two particles and on the
polarisation of the incident light [20].
For an illumination polarised linearly and in parallel to the connection line
between the centers of (a) and (b), a dipole is induced in each particle, as depicted
in fig. 2.6 A. The following effects can be seen in the back-scattered light:
• For large distances, the spheres are in each other’s “blind spot” of the
dipole radiation, as the dipole axis yields an intensity of 0 in the far-field.
12 Far- and near-field coupling of two equally sized Au particles
Figure 2.5.: Two identical particles (a) and (b) at a distance d under
white-light illumination. The particles are embedded in media of ho-
mogeneous index of refraction of n = 1.52 (glass, index matching oil).
• For distances in the range of the particle diameter and smaller, the near-
field of either particle reaches the other particle, hence the two particles
influence each other. Effectively, the two particles behave as if they became
one larger: the spectral position of the back-scattered light is shifted into
the red, andW is broadened.
• At the moment the near-fields allow for a coupling, the particles are very
close and excited by a plane wave, hence retardation effects are negligible.
For a polarisation perpendicular to the aforementioned, as depicted in 2.6 B,
far-fields play a major role, and multiple scattering takes place as in fig. 2.6 right:
• For large distances, each of the two induced dipoles “sees” the scattered
far-field radiation (∝ 1/r) of the other one – particle (b) catches Ia from
particle (a), and vice versa. As excitation takes place by a plane wave, the
dipoles are excited simultaneously by I, i.e. in the same phase with respect
to each other. For one dipole, the relative phase between light radiated
from the other dipole and the plane wave excitation is modulated due to
the distance-related phase retardation. The lens collects the directly scat-
tered light (I ′a and I ′b) and the phase-retarded re-scattered portions (Iab and
Iba).
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Figure 2.6.: Left Calculation of the cos2 θ-dependent far-field inten-
sity distribution of two point dipoles [23] separated by 10λ, illustrating
two relative orientations. A: The incident polarization is parallel to the
principal axis connecting the two particles. The induced dipoles (de-
picted by the gray arrows) are collinear, hence no far-field coupling is
possible. B: The relative orientation of the induced dipoles allows for
far-field coupling.
Right Illustration of occurring intensity components: the illumination
I is scattered by particle (a) and (b). Portions of the scattered light Ia
and Ib may be scattered again by the opposite particle (b) or (a), and
then caught by the microscope lens as Iba and Iab. Behind the lens, the
originally scattered light I ′a and I ′b may interfere with Iba and Iab at
the spectrometer slit. The relative phase shift between the I ′a and the
Inm is depending on the distance d.
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Figure 2.7.: Calculated SCS of two MNPs in orientation B, depending
on distance d. For distances up to 3 µm, a modulation is clearly visible.
This is not detectable in a real experiment due to the limited coherence
length of a real white-light source. In turn, the theoretical concept of
infinite plane waves lacks a finite coherence length.
• If the two particles are very close, the near-field radiation increases (∝
1/d3), but the relative phase shift between I ′a and Iba (or I ′b and Iab, re-
spectively) is small. Effectively, the irradiation “seen” by a particle consists
of the plane wave I and the dipole radiation from the neighboring particle
(either Ia or Ib), hence the scattering cross section increases.
• As the relative phase retardation is depending on the optical path length
and white-light illumination is assumed, it is evident that a constructive
phase condition for one wavelength may be rather destructive for a dif-
ferent spectral component of the illumination – so a variation of the inter-
particle distance implies a modulation of the overall structure’s scattering
cross section. For λ0, this is obvious, but it applies for theW as well.
The resulting scattering behaviour for orientation B can be seen in fig. 2.7.
In the course of this chapter, the preceding considerations will be proven ex-
perimentally. Therefore, the technology used is described in the next section,
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followed by a section comparing experimental findings to the aforementioned
thoughts.
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2.3. Experimental setup
This sectionwill give technical information on the components of the experiment
and underlying technologies required by the approach presented here. The re-
sults of the experiment are presented in section 2.4, together with a description
of the actual conduction of the experiment (2.4.1).
2.3.1. Scanning probe microscopy: SNOM
A scanning probe is without doubt a very valuable tool for many branches of
experimental physics. The loads of variants concerning e.g. the feedback mech-
anism for tip-sample distance controlling (tunnelling current, interferometry,
shear-force, beam deflection etc.) and pros and cons of certain details (scanning
method, tip material, tip shape, resolution, speed, reliability, reproducibility...)
will be left out here. I refer to the “classic” text books [25, 28] – and to the expe-
rience of people having been doing scanning probe microscopy for years.
Here, a scanning optical fibre tip was used. The fibre utilised throughout this
thesis is named FS-SN3224. A more extensive list of its properties may be found
in the appendix A.4.2.
The fibre was pulled by a designated device: a CO2 laser heats the preloaded
fibre, which is strung out by a programmable and controlled machinery, so
rather complicated tip forms can be formed. The idea behind pulling instead
of etching the tips was that in order to attach a gold particle (80 nm in diameter)
to the tip, no ultimate sharpness is required: ideally, the “tip” is terminated by a
flat plateau of similar diameter which facilitates the attachment [10].
The pulled tip was glued to a quartz tuning fork which was driven at its res-
onance of usually ≈ 32.8 kHz, resulting in a tip oscillation amplitude of ≈ 1 nm.
The tip/fork was driven and electronically evaluated as described in fig. 2.8 and
proposed before [29, 30, 31], and positioned by a three-dimensional piezoelectric
device 4 with a strain-gauge-based position control loop.
The spatial positioning resolution in x,y direction is limited by the piezo drift,
which is dependent on the “history” of the usage. In this setting, the upper accu-
racy limit is well below 2 nm. For practical reasons, this electromechanical res-
olution is foregone in favour of shorter data acquisition time, which is achieved
by decreasing the number of pixels contained in a scan.
The mechanical resolution in the direction of z is limited by the quickness of
the piezostage, so it is dependent on the scanning speed and on the height of the
4All devices are listed in Appendix A.4.
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Figure 2.8.: Block diagram of the components necessary for shear-
force distance controlling. The fork is driven by a sine voltage at the
resonance frequency (determined by the operator’s gluing capabilities
and the fork specifications) applied to one arm of the fork. The cur-
rent signal of the second arm is converted to an easy-to-handle voltage,
which is fed into a lock-in amplifier. The phase signal of the amplifier is
evaluated by the controller electronics, which generates a z position sig-
nal. This again is used by the z channel of the piezo stage and recorded
by a computer, which positions the tip in x,y direction. Note that no
optical components are involved in tip positioning.
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Figure 2.9.: Optical components for white-light back-scattering spec-
troscopy. White-light from a Xe arc lamp (depicted yellow here) is col-
limated by lens L1, polarised by prism P, de-collimated by L2 and rec-
ollimated by the microscope lens L3, resulting in a large, uniformly lit
circle on the glass substrate GS, which is sandwiched between layers
of index matching oil O1 and O2. Light scattered by the structures on
the glass slide GS (here: green) is collected by the microscope lens L3,
deflected by a beam splitter BS and focused on a spectrometer slit.
pertubation. On flat substrates, a noise-limited RMS roughness of 0.5 nm was
achieved with this setup.
For most scanning probe applications, the mechanical precision is not the lim-
iting factor in terms of resolution: the topographic resolution is determined by
the tip radius, whereas the optical resolution depends on the nature of the optical
interaction applied for the image acquisition.
2.3.2. Optical microscope setup: illumination and
spectroscopy
The central device of the optical components is an inverted microscope, Zeiss
axiovert 200. The light source is a Xe arc lamp of 150 W power. Its light is colli-
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Figure 2.10.: Cartoon of attaching a particle to a scanning probe. a) The
particle of choice is lying on amovable substrate; the tip is covered with
the interlinkage molecule APTMS. b) After careful lateral positioning
of both tip and particle, the tip is lowered. c) If the particle is “glued”
correctly, it will be removed from the substrate when the tip is lifted.
mated, polarised by a Glan-Thompson prism and decollimated by an additional
lens, see fig. 2.9. If the additional lens is positioned properly, i.e. focuses on
the backfocal plane of the subsequent microscope lens5, the microscope lens rec-
ollimates the light, providing a beam diameter and, hence, illuminated area of
10 µm.
The light scattered backwards into the aperture of the microscope lens by an
object in its focal plane is collimated and imaged on the entrance slit of a spec-
trometer. The CCD-based detector at the spectrometer exit port can be read by
the same PC involved in the scanning probe positioning.
2.3.3. Attaching a metallic nanoparticle to a scanning probe
Various methods exist for making an MNP “stick” to a scanning probe: while
brownian motion doesn’t reach high success rates [32], other methods don’t
achieve good particle quality [33, 34], or they simply are beyond financial scope,
such as electron beam lithography methods [35, 36]. Here, a slight variation of
the method of Kalkbrenner is applied [10]:
Firstly, gold particles are deposited on a slide by blow-drying the original col-
loidal suspension6: a droplet of ≈ 15 µL is evaporated by means of an omnidi-
5PlanNeoFluar 100x, NA 1.3.
6All gold particles appearing in this book were manufactured by British Biocell International
Ltd., UK.
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Figure 2.11.: Left. Confocal image (back-scattered light of 532 nm
wavelength) of three 80 nm gold particles, lying on a substrate. Mid-
dle. After picking one particle, a rescan of the same area documents one
particle missing. Right. SEM material contrast image of an 80 nm gold
particle, attached to a glass tip. Confocal images by Bernhard Bramlage,
SEM image by Ellen Kern.
rectional stream of air, pushing the droplet again and again over the region of
interest.
After that, a pulled fibre is immersed in a 1 : 10 solution of APTMS7 in purified
water [11]. This leads to an amino-coating of the tip, as the silane part of the
APTMS binds to the SiO2 of the glass. A very similar effect is offered by the
material PEI 8 [10]. Prepared like this, the tip is illuminated by a fibre-coupled
source and positioned above the particle of choice, which is denoted as (a) in
figs. 2.5 and 2.6. It is beneficial to verify the “health” of the particle by taking a
scattering spectrum before it is picked. This assures that (a) is of the correct size,
shape, and material.
The actual pick procedure is carried out according to fig. 2.10. The lateral
positions of tip and particle can either be adjusted by visual surveillance or con-
trolled by a confocal image of the tip and of the particle on the slide, see fig. 2.11
left. Finally, a shear-force-based image of the topography may aid alignment.
Renouncing maximum tip sharpness allows even for fully manual positioning
and attachment of a particle, thanks to the plateau-like termination of the tip. For
this manual “pecking”, i.e. manual positioning and lowering of the tip without
shear-force-based controller, the fibre should be attached to the piezostage with a
7Aminopropyl-trimethoxysilane, H2N(CH2)3Si(OCH3)3, [13822-56-5], Sigma Aldrich GmbH,
Germany.
8Polyethylenemin [29320-38-5].
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long beak of several millimetres, so the mechanical flexibility of the optical fibre
helps to reduce the impact when it hits the surface.
If the particle is removed from the vision by lowering and rising the tip, one
can easily check for successful picking by refocussing a couple of microns above
the surface and searching for the particle’s spectral signature by scanning the tip.
This is necessary, as the lack of one particle on the substrate, as it is the case in
fig. 2.11 middle, doesn’t validate proper attachment. Alternatively, a scanning
electron image may confirm the successful mounting as in fig. 2.11 right.
The experimentalists among the readers should peer into the pages of ap-
pendix A.1. There, they’ll find more elaborate hints and tips (pun intended)
on attaching particles.
Of course, several alternative methods exist for the decoration of a scanning
probe tip with a nano-sized metal particle. As always, each provides its own
pros and cons:
• Submerging an APTMS-coated tip into a suspension of MNPs leads to
stochastic results: neither optical quality, number nor position of eventu-
ally affixed MNPs can be determined beforehand [32].
• In-situ near-field mediated photocatalytic Au deposition produces MNPs
with a very precise position, but of limited smallness and uncertain shape.
Furthermore, this technique is highly depending on the probe material
[33].
• Focused ion beam induced Au deposition, aside from the FIB-specific ex-
penditure, produces rather amorphous MNPs, partly owed to the FIB-
intrinsic deposition of foreign atoms, but with a good size control [35, 36].
Because of these side-effects and their outcome, the aforementioned picking pro-
cedure prevails as comparatively cheap, easy-to-do and reproducible [37].
2.3.4. The importance of immersion oil
What purpose does the immersion oil between substrate and microscope lens
and on top of the substrate, as shown in fig. 2.9 serve? The disadvantages are obvi-
ous: scanning probe microscopy in viscous fluids is not easy to do, and evapo-
ration of the immersion medium (or just components thereof) might become an
extra problem.
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The design of any immersion lens formicroscopy supposes immersion oil with
a certain index of refraction9 covering the front element in order to reach a nu-
merical aperture of 1.3, so the usage of immersion fluid here is self-explanatory.
A numerical aperture of 1.3 corresponds to a maximum angle of incidence
θ = 62◦. For a “dry” substrate surface it is evident that a portion of the illumi-
nation light must be reflected totally, as the angle of total internal reflection is
θTIR = 42◦. It is obvious that for the so called 180◦ geometry, the reflected light
dominates over the light back-scattered by the specimen. Therefore, the total
internal reflection must be suppressed by virtually removing the interface – the
total internal reflection is avoided, and only light back-scattered by the particles
can be seen now. This method of “homogeneous immersion” was introduced by
Ernst Abbe in 1878/79 [38].
Additionally, the index of refraction of the immersion oil is in the vicinity of
the index of the fibre probe materials, so as a second benefit, the detectable inten-
sity from light scattered and reflected by the tip is reduced – the fibre optically
nearly vanishes, and, hence, the consideration of multiple reflections etc. [39, 40]
can be omitted. Of course, the viscosity of the immersion oil complicates the
usage of the shear-force technique, which we must take into account when eval-
uating the pros and cons of scanning probe microscopy with large numerical
apertures.
9E.g. Zeiss Immersol 518(F) with n = 1.518.
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Figure 2.12.: Back-scattered light spectra taken under immersion oil
of 80 nm MNPs attached either to the fibre tip ((a), black and green
dots), or lying on the glass substrate ((b), red and blue dots). The SCS
of the individually matched partners (either (a) and (b) or (a’) and (b’),
respectively) are selected for high similarity.
2.4. Findings
2.4.1. Conducted experiment
According to section 2.3.3, particle (a) is fixed to the apex of a tapered optical
fibre serving as a single particle manipulator. In order to examine the near-
and far-field coupling of two MNPs, additional 80 nm MNPs were dispersed
on the glass substrate with a lateral spacing of > 10 µm. Individual MNPs were
then selected as particle (b) and moved into the illumination spot by means of a
piezoelectric translation stage carrying the substrate. Confocal scanning of the
substrate proved that only one particle (b) was positioned within the illumina-
tion field10. The back-scattered spectrum of (b) (taken with (a) retracted) ensures
that (b) is very similar to (a), see fig. 2.12.
Particle (a) is then positioned in the center of the illumination field of the mi-
croscope lens (L3 in fig. 2.9), and kept at its designated position using the shear-
force feedback loop for controlling the tip-subtrate distance and the strain gauge
of the piezostage for the controlled lateral position.
Now, the substrate carrying (b) is scanned laterally, and a spectrum of the
back-scattered light is taken at every image pixel. In order to clarify the graphic
10As the 80 nm MNP is moved through the collimated light when doing confocal microscopy,
it generates a halo with the diameter of the illumination area. A particle is singled out if its
halo is not intersecting any other particle halo.
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presentation of four-dimensional data sets consisting of x,y,E0, and spectral in-
tensity I, fig. 2.13 shows two sections along lines corresponding to the cases A
(y = 0) and B (x = 0) of fig. 2.6 right.
The procedure was repeated for three particle pairs (a) and (b) and averaged in
order to produce reliable data. The experimental and theoretical data presented
in fig. 2.13 bear much information on the optical interaction of two particles. In
the following, the effects on the back-scattered light in terms of spectral width
and spectral position, as well as the overall intensity are discussed.
2.4.2. Spectral properties of the back-scattered light
As described in section 2.4.1, a spectrum was taken for every distance between
the two particles. In order to underline the reproducibility, the data sets of three
particle pairs were averaged. Once the spectra were recorded, a software algo-
rithm determined the spectral position E0 of each spectrum’s maximum, and the
correspondingW.
For case A, the distance-dependence of the spectral properties W and E0 are
depicted in fig. 2.14. As described by our preliminary considerations in section
2.2.2, for larger distances d, each particle is in the “blind spot” of the other parti-
cle’s dipole radiation. According to this, and confirmed by the measurements in
fig. 2.14 no significant far-field effect takes place among the particles.
If the particle distance d is reduced below the optical path length of the plas-
mon resonance, λ0/n ≈ 400 nm, the spectral width W increases notably from
0.55 eV to over 0.64 eV. This is owed to the fact that the “effective size” of the
two-particle system grows due to near-field coupling, so the resonance is shifted
and broadened, see fig. 2.13, red section.
Reducing d even more still improves the near-field mediated inter-particle cou-
pling. This enhances the quality factor of the red “effective size” mode, which
then again increases its weight on the scattering cross section. As a result, the
back-scattered spectrum is red-shifted until the two particles touch.
For case B, section 2.2.2 predicts a periodic modulation of both W and λ0,
which is substantiated by the measurements, as seen in fig. 2.15.
As expected, both the W and E0 are modulated with a periodicity of ≈ 380 nm,
as confirmed by FT analysis. This reinforces the assumption that the modulation
periodicity is ≈ λ0/n. It should be noted that the periodicity is entirely inde-
pendent on the particle material, as it is proportional to λ/n [41]. Of course, the
polarizability αR of the particles and hence their material affects the modulation
depth.
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Figure 2.13.: a)Optical spectra both calculated (upper row) and exper-
imentally recorded (lower row) for cases A (left) and B (right). In case
B, a d-dependent modulation can be identified. The measured spectra
are slightly shifted with respect to the simulation due to the actual size
of the two MNPs.
b) Measured spectra, line sections from a). In case A (blue), the
curves correspond either to spectra of far-field dominated distances of
≈ 400 nm (solid line) or for d= 95 nm. A spectral broadening and a red-
shifted center position can be identified. For case B (green curves), two
curves of identical height but different centers are chosen (d = 120 nm
(solid) and d = 200 nm (dashed)).
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Figure 2.14.: Dependence of W and W0 on distance d. For large dis-
tances, basically nothing happens. At distances in the regime of λ/n,
near-field coupling kicks in, causing an increse of the “effective particle
size”: W is broadening and E0 is shifted to the red.
Figure 2.15.: Dependence of W and E0 on distance d. A modulation
with periodicity λ0/n is caused by the phase delay re-scattered light in
comparison to direct excitation light.
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Figure 2.16.: Dependence of the integral SCS on distance d. For case
A, no periodic modulation takes place. For Case B, a weak modulation
of periodicity λ0/n is caused by the phase delay re-scattered light in
comparison to direct excitation light, and a significant increase for d <
λ0/n is recorded.
A final remark on the interaction distance: the calculations, both in reference
[20] and theMMP-calculations in fig. 2.7 suggest a modulation of the SCS for dis-
tances of more than 2 µm, whereas the experimental data presented here show
no substantial features for d > 1.5 µm. This is caused by the method for white-
light generation: for the calculations, a range of subsequent plane waves was
put into the equations. Being a theoretical tool, plane waves provide a coherence
length of infinity, so the decay of the simulated two particle SCS modulation is
dominated by far-field properties of dipoles. The experiment doesn’t reproduce
each pixel of fig. 2.7 individually, but gets the full spectral information (line by
line) from the light of a Xe arc discharge lamp – this source has a bandwidth-
limited coherence length of Lc ≈ 1µm. Therefore, the phase-sensitive interac-
tions are hindered for distances dmuch larger than Lc.
2.4.3. Back-scattered intensity
Yet another parameter worth to think over is the integral scattering cross section
S. This denotes the overall intensity, i.e. area under the curves of fig. 2.13 b),
scattered into the collecting aperture of the microscope lens. In order to do so,
the background-corrected spectra were integrated, i.e. all spectrometer channels
are summed up, resulting in fig. 2.16.
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If reducing the distance d from far to close, in case A the back-scattered in-
tensity is not changed relevantly for a good portion of the distance. At small
distances (the infamous d = λ0/n), the detectable intensity drops. The MMP
simulation suggests a slight modulation of S, but this could not be verified exper-
imentally, as its depth is comparable to the power fluctuation of the light source.
The overall behaviour is explicable by similar mechanisms as the peculiarities
of W and λ0: as long as the two particles are well seperated, they are in each
other’s blind spot – no interaction takes place. When the inter-particle separa-
tion is small enough to allow for near-field coupling, the integral scattering cross
section drops. One would expect it to increase, as the “effective particle size” is
increased by proximity. Apparently, a non-radiative channel is introduced for
close distances, which is a known behaviour of coupling dipoles [42].
Repeating the same approaching procedure for case B, again no significant
change in intensity is detectable. For d > 0.6 µm, a minor waviness might be
identified in fig. 2.16, but this is within the system’s drift level and therefore not
substantiated.
For close distances, in opposition to case A, the overall intensity S collected
by the microscope lens increases, but drops back for distances below 100 nm.
The intensity increase is explicable by the power distribution of dipole emission
being ∝ 1/d3, so the plane wave irradiation on one particle is augmented by the
other particle’s dipole emission – the concept of dipole antennas. For very small
d, the 1/d3 process is superimposed by non-radiative processes which show a
proportionality of 1/d6 [42].
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2.5. Re´sume´
In the course of this chapter, the spectral characteristics of a very common system
were examined capaciously: the near-field interaction of two similar particles,
e.g. bound by molecules, is examined thoroughly by now [19, 43, 44, 45, 46,
47]. The results of these research reports were reproduced. Additionally, the
properties of such a system when dominated by far-field effects were shown for
the first time.
The approach of the method presented here is capable to circumvent the in-
trinsic problems of grids of particle pairs: narrowing the gap of a pair simul-
taneously increases the distance to the far neighbours – it was shown here that
this plays a role for distances below the coherence length of the light source.
This approach also evades a problem common to metal deposition techniques:
how reproducible and reliable are the particle sizes? The scanning particle probe
technique relies on the same two particles all the time: the periodic modulation
of the spectral properties was demonstrated directly by taking two particles and
varying the inter-particle distance over a large distance forth and back. What’s
more, opposed to lithographically manufactured particle pairs, the optical qual-
ity of the individual particles could be assured separately, as the “dimers” were
put in proximity after their characterisation.
While the affection of spectral width W and center energy E0 by a change of
d are of fundamental and interesting nature, it should be noted that the overall
intensity is altered as well. This often overlooked fact might be of importance
for the experimentalist, as intensities are much more easily measured than W
and E0, which require a spectrometer and a subsequent analysis of the gathered
spectra.
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3. Fluorescence in the vicinity of
nanoparticles
The beginning of knowledge is the discovery of some-
thing we do not understand.
Frank Herbert
3.1. Field enhancement at nanoparticles
3.1.1. Introduction
While spectroscopy experiments with dye molecules may be a tedious activity,
as after some 105 to 107 fluorescence cycles a molecule dies, fluorescence mi-
croscopy is a precious tool for microscopy imaging and therefore widely used in
many medical and bioimaging applications.
In the course of this chapter, the electric fields in the vicinity of nanoparti-
cles shall be quantified by means of fluorescence. Therefore, a few theoretical
considerations are given on the next pages, and after the presentation of the ex-
perimental tactics, the findings are to be appraised.
3.1.2. Origin of enhanced fields
A simple method to increase the optical power density of a given source is fo-
cusing. This method is pure far-field optics. Opposed to focusing, the term field
enhancement denotes local fields, bound to a surface, so this field enhancement
is a near-field optical effect. Near-fields are nonpropagating (but nonetheless
legal) solutions of Maxwell’s equations in matter [23, 25]. They occur, e.g., at
total internal reflection as exponentially decaying, “evanescent” waves, neces-
sary in order to fulfill the continuity conditions. At small particles, they might
be considered as ‘concentration of electric field lines due to high curvatures’, as
in electrostatics [23].
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Figure 3.1.: Electron displacement caus-
ing local field enhancement at a nanopar-
ticle.
Figure 3.2.: Two illuminated metal par-
ticles generate a high electric field (-line
density) in their gap.
Single particles
From the considerations in chapter 2 it is evident that a very small (R λ) metal
particle, illuminted by a plane wave, acts like a dipole. As the particle is small,
the quasi-free electrons within the particle are cable to follow the electric field of
the light wave, so for a given polarisation, the electrons will gather at a cap of
the particle, as depicted in fig. 3.1. This leads to a concentration of electric field
lines right where the electrons gather – and on the opposite side, where the lack
of electrons leads to an accumulation of positive holes. The regions of field line
concentration and their temporal average are termed localised near-field. The
multitude by which the local field exceeds the one of the incident light is called
field enhancement.
Two particles: identical twins
For two particles, properly illuminated as in fig. 3.2, a good near-field coupling
takes place – as was shown in chapter 2. The figure suggests a high density of
field lines in between the two particles, so this is the spot where high intensities
are to be expected.
The results of a rather precise numerical simulation by MMP (see section
A.3.1) of the situation is depicted in fig. 3.3. Indeed, as can be told from the
figure inset, the electric field maximum is at the structure’s centre.
Moreover, the figure suggests that the smaller the particles, the smaller the field
enhancement. This needs an explanation: as the calculations are for a constant
gap of 5 nm, one might assume that the field enhancement might become sig-
nificantly larger for more narrow gaps. This is true, but the numerical simula-
tionwas assuming an experimentally limited positioning precision. So if starting
from particles of macroscopic dimensions (R λ), barely showing enhancement,
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Figure 3.3.: MMP simulation of the electric field in the 5 nm gap be-
tween two identical gold spheres of various diameters. Embedding
medium is air (n = 1). Inset: Electric field distribution for the optimum
configuration generating maximum enhancement. Taken from [48] with
permission.
the reduction of the particle radius has an optimum with respect to the abso-
lute field enhancement. On the other hand, the “mode volume”, i.e. the volume
containing the enhanced field, is proportional to the particle diameter squared.
Consequently, highest spatial sensitivity is achieved by smallest particles for the
price of lower enhancement.
A comparison of the radiative decay rate in the hot spot of two prolate particles
and the rate in the vicinity of a single particle suggests [49] that the decay rate
is enhanced by just under one order of magnitude. This improved decay rate is
accompanied by higher quantum yields as well, so the gain from higher electric
fields is not swallowed by quenching and similar effects.
Two particles: two dissimilar diameters
The trade-off between field enhancement and mode volume can be slightly im-
proved by using two nanoparticles of dissimilar radii. Again, we learn from nu-
merical calculations, as in fig. 3.4.
Generally, the identical-twin configurations yield a higher field than two dis-
similar particles. The actual size dependence is not trivial: an 80 nm pair gener-
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ates a higher field than an 80/30 pairing. In comparison of a 30/30 configuration
to 30/10, the difference is negligible.
As a rule of thumb, for dissimilar gold particle pairings with radii < 100 nm, it
is tenable to say that the magnitude of field enhancement is determined by the larger
particle, whereas the volume affected is hinging on the smaller particle involved.
Many particles
Of course, one could consider accumulations of three particles with respect to
particle diameters, relative distances and orientations, and materials (“snow-
man”). Alas, keeping the aforementioned rule of thumb in mind, this extra par-
ticle would not improve the field enhancement substantially, as has been shown
numerically for three gold particles of different diameters [48]. What’s more,
it was numerically demonstrated for silver particle triplets by [50] that the field
enhancement is highly sensitive on the subsequent diameters of the particles and
the width of the gaps. The latter signifies a technical limit: if it was possible to con-
trol the relative three-dimensional position of three particles with an accuracy
better than 1.5 nm, the local electric field would exceed the illuminating field by
a factor greater than ×1000. If the position was within a precision of 3 nm, an
entire order of magnitude would be lost.
Of course, the idea of three particles might be expanded to four, five parti-
cles. However, doubling the number of even perfectly aligned particles does not
necessarily double the field enhancement [50] due do dephasing and intrinsic
losses. This should lead experimentalists to the question whether the additional
expenses are recouped or not.
3.1.3. Fluorescence enhancement
As demonstrated in the last sections, metal particles provide ameans of “concen-
trating” light. It is obvious that a molecule, particularly a dye molecule, exposed
to this high field will emit fluorescence light according to its quantum yield. This
effect was demonstrated with particle films [5, 51] and pushed to extremes by
scanning particle-enhanced fluorescence by mapping the fluorescence signature
of single molecules [12, 13].
In praxi, soon the words quenching and bleaching will occur when someone is
dealing with fluorescence in the vicinity of a metal. These two effects are the
main cause why single-molecule experiments are a class of its own in terms of
practical knowledge, as both terms denote effects which hinder or even halt the
process of converting photons by a molecule.
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Figure 3.4.: MMP simulation of the electric field in the 5 nm gap be-
tween two dissimilar gold spheres, either 80 and 30 nm (solid line) or 30
and 10 nm (dotted line) in diameter. Embedding medium is air (n = 1).
Inset: Distribution of the electric field for a particle pair of 80 and 30 nm
diameter. Taken from [48] with permission.
Bleaching is an effect of statistical/thermodynamic origin. For a molecule, ab-
sorbing and emitting photons may be a dangerous thing, as the motion of elec-
trons and therefor the vibrational excitation of bonds is taking place, and the
excess energy of the excitation photon must be handled. These processes may
inhibit the molecular ability to fluoresce by causing a conformation change, oxi-
dation, or pushing a relevant electron into a triplet state. Counter measures are
low illumination intensities, cooling, and embedding the molecules in a matrix
that prevents conformation changes and oxidation, and a careful balancing of
excitation wavelength and dye molecule.
Quenching is an intrinsic effect of the experimental configuration. It is caused,
among other energy transfer mechanisms such as excited state reactions, by elec-
trodynamic effects. One effect is the concept of mirror charges, well known in
electrodynamics [23]: a fluorescent molecule may be considered as a dipole,
emitting next to a metal mirror. For very close distances, the emitting dipole
and its mirror pendant are nearly in opposite phase; the presence of a metal sur-
face suppresses a successful emission of photons. Another cause for quenching
is the radiation-less decay of the excited state. Here, the energy is dissipated by
the excitation of the metal plasma.
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3.2. Experimental prerequisites
3.2.1. Focusing linearly and radially polarised light with a
lens of large numerical aperture
Many optical properties of a lens, such as its theoretical resolution limit or its so-
called speed, i.e. its ability to collect light, can be described by a single number –
the numerical aperture, NA. It is defined, according to Ernst Abbe [38], as
NA = n sinθ. (3.1)
n denotes the index of refraction of the medium surrounding the focal region,
and θ is given by the geometry of the lens, i.e. its radius and focal length.
In the context of numerical apertures of microscope lenses, “large” denotes
values in the range from 0.8 to 1.65. For optics in vacuum, an NA of 1 is the
theoretical limit due to the sinθ condition. Modern lenses may reach an NA up
to 0.95, this corresponds to a θ of 72◦. The benefit is paid for by a short working
distances below 10% of the focal length.
If one immerses the optical system in an appropriate liquid with an index of
refraction n larger than 1, the NA rises according to equation 3.1. Standard im-
mersion oils have the index of refraction of the standard glass BK7, 1.52. This
increases the NA of 0.95 in vacuum to 1.45 in BK7 or matching oil. Optical sys-
tems with apertures larger than 1.45 usually don’t use BK7 and the correspond-
ing matching oil of nBK7 = 1.52 anymore, but other materials. The reason for
this are of technical nature: a further increase of θ is barely feasible. These other
liquids tend to be toxic, cancerogenic, or to evaporate, some even loose their op-
tical properties over time, which motivates our “self-limitation” to NA = 1.45 in
nBK7 = 1.52.
Focusing Gaussian beams by large-NA optics
For large NAs, the paraxial approximations are nomore valid [52], and two char-
acteristic effects dominate the properties of the light in the focal region. One
effect is apodisation, the loss of resolution with concurrent contrast gain: while
the Airy rings are suppressed with growing NA, the central disk diameter of the
focal spot is slightly increased [53, 54].
The second, more important effect is the so-called depolarisation: the focal re-
gion contains field components with “new” polarisations different from that of
the input beam (which is polarised uniformly across its section, see fig. 3.5 left)
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Figure 3.5.: Intensity and polarisation (at fixed phase) cross sections of
propagating beams: left Gaussian beam, right radially polarised beam.
Figure 3.6.: Depolarisation by focusing. The k-vectors (k1,k2) of the
input beam are turned by the lens toward the focus (k ′1,k
′
2) with cor-
responding reorientation of the electric field vectors (E1,E2)→ (E ′1,E ′2).
The resulting sum of the electric field Esum points either in the original
direction (Gaussian beams, top) or, for radially polarised light, in the
direction of the original k of the input beam, bottom.
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Figure 3.7.: MMP calculation of polarisation component intensities of
a focused Gaussian beam (originally polarised in x direction only) in
the focal region. λ = 700 nm, n = 1.52, NA = 1.45. From left to right:
x component, y component (intensity enhanced 1000x), z component,
sum of all components.
[55, 56]. Fig. 3.7 depicts the components, as simulated by MMP: aside from the
original polarisation in x direction, a weak component in the direction of y with
four-fold symmetry is generated, and a two-lobe component in z is seen. The
sum of all components, the actual focus as seen by eyes and other devices not
sensitive to polarisation, is a spot slightly elongated in x direction. At the very
focus, the original direction of polarisation is maintained, 3.6 top.
Focusing non-Gaussian beams by large-NA optics
While the effect of depolarisation might be considered as a disadvantage for the
focusing of Gaussian beams, it turns out to be of high value for e.g. radially
polarised light, as will be explained in the next paragraphs.
The beam section of radially polarised light is sketched in fig. 3.5 right. As the
name induces, the polarisation is nonuniform and always pointing radially away
from1 the beam center. The resulting intensity distribution across the section
is a circular ring with zero intensity in its center (“donut”), as the polarisation
components of two opposite “spokes” cancel out.
If such a beam is focused by means of a large-NA optic, the focus bears a
polarisation in z direction [55, 56, 57, 58, 59], so at the focus, wave vector k and
electric field E are parallel2. For the very focus, fig. 3.6 bottom sketches the origin
of this k‖E. The argumentation is still valid for off-focus points in the focal plane,
but for intensity calculations, the phase relation of the added components has
to be taken into account. The MMP-calculated focal polarisation components
are displayed in fig. 3.8: the components in x and y are identical but rotated
1Away from or to, depending on the phase.
2Luckily for Maxwell, just in a singular point (the focus), not for a propagating beam.
3.2. Experimental prerequisites 39
Figure 3.8.: MMP calculation of polarisation component intensities of
a focused radially polarised beam in the focal region. λ = 700 nm,
n = 1.52, NA = 1.45. From left to right: x component, y component, z
component, sum of all components.
lobes, their sum (not shown) is a circle, looking very similar to the input beam
(fig. 3.5). The dominant component is z, produced as depicted in fig. 3.6 bottom.
The observable spot is perfectly circular, as the input beam.
3.2.2. Obtaining radially polarised light by an SLM
In order to generate a radial polarisation state, elaborated interferometric sys-
tems may be used [60]. A different approach twiddles the laser resonator itself
in order to obtain either radially or azimuthally polarised light [61, 62]. Possibly,
the application of Fresnel diffraction elements might lead to the desired beam
quality [63].
Usually, laser sources in the sense of turn-key devices of defined beam quality,
emit light of linear polarisation, with an intensity distribution across the beam
section of Gaussian shape. Instead of the tedious approaches just mentioned,
it springs to mind that one might change the polarisation locally by factually
cutting a phase retardation plate into pieces and rejoining them in a way that
for each sector the polarisation of the transmitted light is turned according to its
“clock-wise” position within the beam section [64].
This neat idea can be perfected by replacing the polarisation turning elements
(fragments of a retardation plate) by a matrix of liquid crystals (LC). As known
from LC displays, some LC are capable to turn the polarisation of penetrating
light, more or less proportional to the electric voltage applied to the crystal. By
combining this ability with a polarisation filter and a backside mirror, e.g. grey-
level matrix displays are possible.
By virtually removing the polarisation filter of the LC display, we obtain the
desired device, which is called a spatial light modulator, SLM. Fig. 3.9 sketches
the principle of an SLM. The input beam is sectioned in square elements by the
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Figure 3.9.: Principle of an SLM. The polarisation across a beam section
is manipulated locally by an array of polarisation-turning elements.
The change of the polarisation distribution across the beam section af-
fects the intensity distribution due to destructive interference.
LC matrix. The polarisation of each section is turned individually. The degree
of angular rotation is determined by the voltage applied to the LC element – if
the SLMwas a “real” LCD, one could correspond each voltage with a grey level.
All local “grey levels” are gathered in one table - actually a grey-scale image
file. After transmission of the light through the LC, the local rotation measures
in each square area section sum up to a radial polarisation distribution across
the beam section. The intensity distribution is changed from Gaussian to donut
accordingly.
The advantages of such an SLM device are obvious:
• Thanks to high-resolution LC matrices, the number of sectors can easily be
much higher (36 and above) than for re-glued phase plate fragments (four
is common).
• SLMs are not restricted to radially polarised light - any grey scale image
can be used, including those for linearly polarised light.
• SLMs can be switched: aside from on and off, any sequence of grey-scale
images can be used, with very little effect on the beam alignment.
• With high-resolution SLM LCs, a subdivision of the matrix into multiple
fields are imaginable in order to manipulate multiple beams with one de-
vice.
The main disadvantage, aside from its price, is the loss of beam power: as a
side effect, the periodic, rectangular LC pads serve as a diffraction grating, so a
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good portion of the incident intensity is simply diffracted away. In addition, the
desired beammust be isolated frommultiple reflections and diffraction artefacts
by spatial cleaning3, which costs even more intensity.
3.2.3. Optical path
In comparison to the white-light spectroscopy optics of section 2.3.2, a couple of
changes have to be made in order to do fluorescence spectroscopy, as depicted
in fig. 3.10.
The lamp is replaced by a laser. The polarising Glan-Thompson-prism of sec-
tion 2.3.2 now serves as intensity adjuster, as it is combined with a polarisation-
turning electro-optical modulator (EOM) installed upstream (not shown in
fig. 3.10). By tuning the EOM voltage, the polarisation of the beam is turned
and by this, the portion of intensity rejected by the prism can be choosen. Subse-
quently, the now intensity-controlled laser beam can be manipulated to arbitrary
polarisation modes, implemented by means of an SLM, and is focused by a mi-
croscope lens 4.
The fluorescent light is collected together with the scattered laser light, so a
filter is required in order to reject the excitation light. The 180◦ configuration for
excitation and detection is retained, as this facilitates the separation of scattered
light and fluorescence due to improved intensity ratios.
3.2.4. Collecting capabilities of large numerical apertures
The foregoing sections dealt with large numerical apertures as tools for illumina-
tion purposes. In the setup, the same lens is used as collector for the fluorescent
light generated in the focal region. Therefore, the relevance of the aperture size is
of our interest. A second facet is the orientation of the emitting dipole. Fig. 3.11
analyses both parameters. Starting from the far-field radiation pattern of a single
dipole (∝ sin2ϕ), the fraction of the actually collected emission is plotted in this
figure. For very large NAs (solid angle θ converging towards 72◦ in both n = 1
and n = 1.52, corresponding to NAs of 0.95 and 1.45, respectively) , 50%, i.e. the
emission into the lower half space is the natural upper boundary.
Clearly, a larger NA collects a larger portion of the dipole emission: for a given
dipole orientation (say, 45◦), in immersion oil, the transition from a rather stan-
dard NA of 1.3 to a top-notch 1.45 will gather 30% more intensity (from 30% to
3This denotes focusing on a pinhole, and re-collimating the light emerging from it.
4Zeiss α-PlanFluar, NA 1.45
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Figure 3.10.: Optical components for fluorescence spectroscopy. Note
the differences to the setup in fig. 2.9. A laser beam (532 nm, 2 mW) is
collimated by lens L1 and re-polarised (either by a spatial light mod-
ulator SLM or an electro-optic modulator EOM). The light of defined
polarisation is focused by lens L2 (Zeiss α-PlanFluar, NA 1.45) onto the
glass subtrate GS, which is sandwiched in index matching oil O1 and
O2. Both Mie-scattered and fluorescence light is collected by L2 and
deflected by a beam splitter BS on a holographic notch filter N, which
rejects light of the original laser wavelength. Finally, lens L3 focuses the
fluorescence light on a spectrometer entrance slit.
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Figure 3.11.: Percentage of dipole emission radiated into a lens aper-
ture of NA= n sinθ, depending on the dipole orientation α. If the sur-
rounding medium is homogeneous, it doesn’t matter whether it is air
(left) or glas/oil (right), as long as the solid angles θ are equivalent. The
case of a dipole at a glass/air interface is explicitly excluded here.
40% of the total emission).
It may seem surprising that if the setup allowed a rotation of the dipole to α= 0◦,
the standard lens would collect more than 45% of the total emission. From the
point of “photons per investment”, a large NA lens doesn’t deliver according to
its price tag, alas: the ability of such a lens to produce a pronounced z polarisa-
tion in the focus, as described in section 3.2.1, may justify its deployment.
Of course, the calculations of fig. 3.11 are only valid for dipoles in quasi-
homogeneous media – the spatial distribution of the emitted light for a dipole
sitting on a substrate of n > 1 represents a benefit for an immersion lens sitting
below the substrate [25].
3.2.5. Affixing additional particles to a picked particle
In section 2.3.3, the process of producing a fibre probe carrying a previously
selected particle is described. In order to build two-particle systems of the types
described in the sections 3.1.2 and 3.1.2 on a tip, the procedure is slightly varied.
The main difference is that the interlinking molecule must bind to gold on
both ends, so APTMS is replaced by 1,10-decane-dithiol5 (DT). The tip, already
carrying a gold particle, is submerged into the undiluted, hence discomforting
liquid for 10 min. Subsequently, excess DT is rinsed off with isopropanol. Af-
ter blow-drying the tip, the picking procedure of section 2.3.3 can be repeated,
5[1191-67-9], Sigma Aldrich GmbH, Germany.
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Figure 3.12.: Fluorescence signal from Nile Blue, dissolved in glycol.
The excitation light is either a focused Gaussian beam producing a fo-
cal polarisation parallel to x (blue curve) or a focused “donut” beam
polarised parallel to z (yellow curve).
mounting an additional particle to the first one, which itself is glued to the fibre
tip.
A common point of possible failure: the tip geometry and particle diameters
must assure that the second particle is binding to the first one, not to the APTMS-
coated glass. Alternatively, the APTMS may be passivated by exposing it to
an organic acid, but this procedure bears the problem that the acid tends to be
washed away by isopropanol .
3.2.6. The fluorescent molecule
The demands for the molecule are not very complicated: the dye should be ex-
citable by light of 532 nm, stable in air and in solution, and it should be soluble
in an immersion medium. The molecule of choice became Nile Blue6, a common
staining agent in medical applications, and glycol as the solvent, as this provides
a high index of refraction (n = 1.44) and low volatility.
In fig. 3.12, spectra are displayed for both linearly and radially polarised light,
focused into the pure liquid. As can be told from the figure, the emission max-
imum in glycol is around 670 nm, and at the standard illumination intensity of
5 mW one may expect about 80 million counted photons per second (calculated
area below the spectral curves).
Although the orientation of the emitting dipoles implies that for z polarised
light less photons should be counted, section 3.2.4, the intensities differ only
6[3625-57-8], ABCR GmbH, Germany.
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slightly. This is owed to the fact that for the two polarisation modes, the energy
density in the focus differs as well [65].
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Figure 3.13.: Fluorescence signal in the vicinity of an 80 nm particle in
focused excitation light, polarised parallel either to x (blue curve) or z
(yellow curve). The cartoons of the configurations suggest a higher sig-
nal by a factor of 2 for x polarised light as both near-field lobes extend
into fluorescent material.
3.3. Acquired fluorescence properties
3.3.1. Fluorescence close to a single 80 nm Au particle
In order to get familiar with the system and the obtained fluorescence signals,
a fibre tip carrying only one gold particle of 80 nm diameter is inserted into the
focus, which is set 30 µmabove the surface of the substrate. The recorded spectra
for radially and linearly polarised light are seen in fig. 3.13.
At first sight, the overall fluorescence signal is reduced, approximately by a
factor of two. This is owed to the fact that the fiber tip itself displaces the dye-
suspending immersion liquid out of the focal region, so a good part of the upper
half of the focal volume consists of non-fluorescent glass.
The index of refraction of the fibre material (n ≈ 1.5) is very close to the index of
the immersion liquid. This is an advantage concerning unwanted reflection and
scattering from the fibre tip. Practically, this similarity of the indices lets the tip
vanish for the human eye looking into the microscope oculars. Unfortunately,
this implies that it is not possible to position a bare tip in the focal plane in
order to quantify the tip volume reliably. Therefore, this effect has to remain
unquantified in the experiments described in this chapter.
A second issue that can be learned from fig. 3.13 is that for a focal z polarisa-
tion, the acquirable fluorescence intensity is much lower than for in-plane polar-
isation. This can be explained by the inset in fig. 3.13: the region of high near-
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Figure 3.14.: Fluorescence signal in the vicinity of two 80 nm particles
in focused excitation light, polarised parallel to either x (blue curve) or
z (yellow curve). The fluorescence intensity for z polarised excitation
exceeds the one for x orientation by a factor of 6.
fields at the particle consists of two lobes capping opposite poles. For an illumi-
nation polarised in the x,y plane, both lobes extend into the dye-impregnated
immersion liquid, whereas for z polarisation, one lobe extends into the nonfluo-
rescent fibre tip – which explains at least a factor of two.
3.3.2. Fluorescence close to two 80 nm Au particles
The findings from the previous section (higher fluorescence for x,y polarisation
than for z polarisation) do not apply if the system under examination consists of
two identical gold particles of 80 nm diameter, see fig. 3.14.
Such a system has a principal axis (the line connecting the two sphere’s cen-
ters) in parallel to the z axis (more or less, as will be seen soon). This implies that
the field enhancement between the two particles is maximised if the illumination
is z polarised. Indeed, this can be seen in fig. 3.14.
In the context of nonsymmetric scatterers, a certain type of experiment im-
mediately comes to mind: in how far does the fluorescence change when the
polarisation is turned in the x,y plane?
In order to do so, the measurement of fig. 3.14 was repeated for multiple ro-
tational positions of the Glan-Thompson-polariser (and according EOM settings
in order to maintain the incident power of 5 mW). For the data of fig. 3.15, the
polarisation was turned in steps of 30◦. A slight variation (more than 10%) of the
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Figure 3.15.: Left. Fluorescence signal in the vicinity of two 80 nm par-
ticles in focused excitation light. The excitation polarisation is turned
around the z axis in steps of 30◦. Right. The dependence of the maxi-
mum fluorescence signal on the polarisation direction. The variation by
more than 10% suggests that the second 80 nm particle is not perfectly
aligned in the x,y plane, as sketched by the cartoon inset.
peak height can be seen in the left graph, indicating that the second particle is
not symmetric with respect to the z axis.
This suspicion is confirmed when the peak height is drawn as a function of
the polarisation direction, as in fig. 3.15 right: clearly, the intensity is higher for
polarisations in the vicinity of (60±30)◦, so the second particle is off-set into this
direction (or the exact opposite thereof- this is not distinguishable).
3.3.3. Fluorescence close to a 30 nm and an 80 nm Au particle
The procedure of the last section is now repeated with a tip decoration made
of one 80 nm particle which carries a 30 nm particle underneath. Evidently, the
precise position of a nanoscale particle with respect to a further particle of only
5.3% of the volume will yield an alignment error. Therefore, the scattering cross
section is not expected to be symmetric around z.
Fig. 3.16 depicts the recorded spectra for focal polarisations along x,y, and z.
The fact that the collected fluorescence is of similar intensity for x and z polari-
sation suggests that the smaller particle is displaced explicitly along the x axis.
A look at the directional dependency, drawn in fig. 3.17, confirms this assump-
tion. As expected, the scattering cross section has its maximum for polarisations
of 0◦ and 180◦.
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Figure 3.16.: Fluorescence signal from two particles, a 30 nm particle
affixed to an 80 nm particle. The focused excitation light is polarised
parallel to either x,y (blue, grey curve) or z (yellow curve). As the sig-
nals for x and z polarisation are of similar height and both are much
higher than the fluorescence for y polarised light, one may conclude
that the smaller particle is positioned off-axis in x direction.
Figure 3.17.: Left. Fluorescence signal in the vicinity of an 80-30 nm
“snowman” in focused excitation. The excitation polarisation is turned
around the z axis in steps of 30◦. Note that the spectra for 0◦ and 180◦
are tightly overlapping. Right. The dependence of the maximum flu-
orescence signal on the polarisation direction. The fluorescence drops
to one third at 120◦, so the 30 nm particle is misaligned towards the x
direction, as sketched by the cartoon inset.
50 Fluorescence in the vicinity of nanoparticles
One should keep in mind that even very good beam splitters, as applied in our
microscope here, have a residual polarisation dependence of their own, which is
in the range of 5%.
It is highly notable that the back-scattered intensity drops to one third al-
though the smaller particle amounts less than 6% of the overall volume of the
two particles. Despite of its small volume square, responsible for the SCS of a
particle, its leverage on the polarisation dependent excitation of fluorescence is
enormous. One might claim that the near-field enhancement must more than
compensate for the smallness of the second particle. This must be balanced with
the fact that a 30 nm and an 80 nm particle might be considered as one larger
particle, implicating a larger SCS as well.
Nevertheless, the fluorescence intensity of the two-particle arrangements, as
demonstrated here, are in fact polarisation dependent, and therefore orientation
sensitive.
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3.4. Fluorescence and arrays of very small
particles
By now, the quantification of local field enhancement at nanostructures bymeans
of a fluorescent medium was not very successful for a couple of reasons:
• It is not simple to determine the volume of the fibre tip. Unfortunately, the
knowledge of this volume is very important in order to conclude on the
“effective dye volume”.
• The region of highest electric fields is the gap between the two particles.
Unfortunately, this gap is filled with the nonfluorescent DT molecules.
• The spatial distribution of quenching is not considered at all, leading to a
significant uncertainty for fluorescence quantification.
• The effect of near-field enhancement at two MNPs was interfered by scat-
tering effects of unknown quantification.
• In the course of the experiments, a perfectly z symmetric adherence of a
second particle did not work out properly.
Some reasons could be fixed by a more elaborate experimental procedure in-
volving multiple quantitative spectral analysation, but this will not take care
of the intrinsic insufficiency of the “snowman” technique: the DT connecting
the two particles does not allow any dye molecules at the hot spot. For par-
ticles smaller than 30 nm, the probability of a misalignment becomes ubiqui-
tous. Therefore, an alternative method for arranging MNPs was developed in
the course of this thesis, based on the particle-decorated scanning probe of sec-
tion 2.3.3:
The first, larger particle is attached to a scanning probe, but it is not coated by a
dithiol. Instead of picking it, the second particle remains lying on the substrate,
allowing the dye fluid to flow between the two MNPs.
3.4.1. Microscopy of very small particles
Now, particles in the range of 10 nm diameter are to be handled - the scatter-
ing efficiency of such a small particle is so weak (0.1% of a 30 nm particle!) that
the gold’s extinction prevails – so these very small particles are scattering even
weaker than one could assume from the scattering behaviour alone [66].
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An experienced microscope user with patiently accomodated eyes, having ac-
cess to a well adjusted microscope in a dark room with well-matched substrate
and immersion liquid and a very clean substrate surface is capable to perceive
singledMNPs of 10 nm radius. This is very hard to do and not possible during a
proper lab-routine, which usually implies the necessity of taking notes or using
a glowing computer monitor, both activities destroying the accomodation of the
experimentalist’s eye.
In order to fascilitate the experimental handling of such MNPs it would be
nice to “know” where the MNPs are located on the substrate. The simplest ac-
tion to locate MNPs would be to cover the entire substrate, and, of particular
importance, in a periodic pattern. Such an arrangement would cause any scan-
ning probe technique to interact with the surface, exhibiting the same periodicity
as the underlying quasi-lattice of MNPs.
The following paragraphs will explain how such a small particle array, SPA,
can be obtained and, subsequently, to which extent it can be detected optically.
Manufacturing small particle arrays
The process applied herer is based on inverse micelles. Micelles are a self-
aggregation of molecules (usually surfactants7 or tensides) in a solvent: for ex-
ample, if such amphiphilic molecules are put in a liquid of polar molecules (e.g.
water), they tend to “stick their hydrophobic heads together”, thus forming a
soft ball with a hydrophilic surface and a hydrophobic centre. Sometimes, such
a system is referred to as liquid colloid.
Inverse micelles base on the same principle, but the solvent consists of non-polar
molecules – now, the surface of the micelles is hydrophobic and its cores are hy-
drophilic.
Our collaboration partners of the DWI Aachen8 are capable to produce inverse
micelles consisting of diblock-copolymer molecules and to utilize these in order
to generate gold particles [67, 68]. The diblock-copolymer molecules9 consist of
two joint polymer chains, PS and 2PVP, which, if thrown into a nonpolar solvent,
resemble the hydrophilic “heads” and “tails” of tensides and therefore produce
inverse micelles, as in fig. 3.18 a) and b).
If the length of each polymer chain is chosen correctly, the micelles can be loaded
by a specific amount of gold ions, fig. 3.18 c). The gold ions are co-ordinatedwith
7Surface active agents
8Marcell Ott, Blazej Gorzolnik and Petra Mela from the ‘Deutsches Wollforschungsinstitut an
der RWTH Aachen e.V.’, directed by Prof. Martin Mo¨ller.
9The correct designation is Poly(styrene)-block-poly(2-vinylpyridine).
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Figure 3.18.: Producing gold particles by means of inverse micelles.
a) the diblock-copolymer PS-block-2PVP, consisting of 2-PVP (blue) and
PS (red). b) PS-block-2PVP in a non-polar liquid (e.g. toluene) builds a
micelle, similar to tensides. c) The suspended 2PVP-core can be loaded
with Au ions. d) The micelles may be cast on a substrate. e) Plasma
etching reduces the gold ions to gold and removes the PS-block-2PVP.
the PVP part, which is the micelle’s interior. The exact amount of gold per mi-
celle is proportional to the number of molecules associated in the micelle.
The suspension of gold-ion-loaded micelles can be used to coat substrates,
fig. 3.18 d). If this is done within certain parameters (micelle concentration, dip-
ping speed etc.), the micelles will settle on the substrate in a self-arranged closest
pack.
By means of plasma etching, the polymer first melts and then is incinerated.
In addition, the gold salt ions are reduced to neutral gold atoms which are co-
agulated to a nano-scaled particle. Due to the “polymer bed” the gold particles
become very round. Further plasma etching removes residual polymer, and only
the gold components reside on the substrate, fig. 3.18 e).
As result, small gold particles, arranged in a triangular lattice, are obtained as
seen in fig. 3.19.
It is evident that larger micelles increase the distance between the gold par-
ticles. In order to obtain rather stable micelles, the ratio of PS and PVP must
not be varied radically, so larger micelles imply larger gold particles and larger
inter-particle distances. The particles used here have a typical particle diameter
of 12 nm and a next-neighbour distance of 120 nm.
Optical detection of small particle arrays
“Resolution” and the causes for its degradation are a central topic in imaging
optics. While the resolution of near-field optical imaging is basically limited by
local confinements, far field resolutions are dominated by diffraction. A common
definition for the resolution is the ability to separate two neighbouring point
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Figure 3.19.: Micrographs of micelles. Left. An inverse micelle, lying
on a Si substrate. Right. After plasma etching, a gold particles remains
whereas the polymer is removed. Bottom. The gold particles form a
lattice according to the micellar precursor. Images courtesy of Marcell
Ott.
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sources. Aside from the problems hidden in the proper mathematical descrip-
tion of “ability to separate”, i.e. the actual criterion for separability, the lateral
resolution of far-field optics, δmin, is well described by E. Abbe [38] as
δmin ≈ ϕ λNA . (3.2)
Here, NA is the numerical aperture as in equation 3.1, so a contingent immer-
sion medium is taken into account. The factor ϕ is disputable: depending on
the actual criterion10 it ranges from 0.5 to ln2. For the given parameters of the
system in use, NA = 1.45 and λ = 532 nm, the lateral resolution is in the range of
δmin ≈ 200 nm. Remembering the structural dimensions of our samples (12 nm
diameter in 120 nm distance) leads to the conclusion that this is insufficient in
order to resolve the particles.
Confocal microscopy offers basically the same lateral resolution as classical
optics, but the focal extension in z direction is significantly reduced by ∼ 30 %
[69]. This improves the contrast for imaging thin layers e.g. of tissue, but is of
no aide here – the micellar particles can not be resolved by means of far-field
techniques.
The relatively close spacing and the quasi-regular grid may allow for re-
scattering effects. A short section dealing with in-plane scattering of SPA is
found in the appendix A.2.
3.4.2. Fluorescence at small particle arrays
As classical microscopy techniques are not capable to map the small particle
arrays (SPA), a hybrid technique is introduced which intermingles scanning
probe microscopy with confocal microscopy: scanning particle fluorescence mi-
croscopy, SPFM.
Scanning particle-enhanced fluorescence microscopy (SPFM)
The basic principle of SPFM is sketched in fig. 3.20: the beam path of fig. 3.10
is retained, and a fibre tip carrying a single gold MNP of 80 nm diameter is
positioned in the focus, consisting of z polarised light. The entire focal region is
immersed in a fluorescent medium (Nile Blue in glycol, 10 µM). As the object of
interest is the coated substrate now, it is scanned under the fixed tip. This lateral
10Two overlapping peaks are separable if the center intensity drops below either, 50 %, ln2,
−3 dB, taking into account whether coherent or incoherent illumination, Airy- Bessel- or
Gauss- peaks for the “point” sources are used.
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Figure 3.20.: Combining confocal fluorescence microscopy with a
MNP probe enables the construction of two-particle-based nanoanten-
nae “on the fly”. Such antennae allow for enhanced spontaneous emis-
sion of the surrounding medium, which again can be mapped as a spa-
tially resolved intensity.
motion may allow the SPA to couple to the probing MNP, potentially causing a
fluorescence enhancement [49].
A traditional confocal scan of an SPA can be seen in fig. 3.21 a). Basically, a
uniform intensity of the fluorescence was acquired, which is not surprising due
to the given inter-particle distance and the far-field resolution limit.
If the probe is lowered, hence positioning an 80 nm particle into the focus, and
the confocal scan is redone on the identical position, some more information is
revealed: in fig. 3.21 b), the upper and lower edge of the area at display show
different intensities. Furthermore, the overall intensity is lower.
The coarse overview scan (probe lowered into the focus) of the surroundings
of the area under examination (fig. 3.22) suggests that the acquired step is rather
a horizontal scratch, as the fluorescence level recovers after some hundreds of
nm in y direction.
An explanation for the two peculiarities of fig. 3.21 can be found by looking at
the sections (green lines), on display in fig. 3.21 d):
The lowering of the overall fluorescence signal can be explained by the fibre tip
displacing dye from the focal region – a problem shared with the two-particle
experiments in section 3.3.
The step-like distribution of the fluorescence is caused by the presence (or lack)
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Figure 3.21.: SPFM and scattering images of the same area, acquired
by different techniques.
a). Confocal scan of an SPA. The intensity remains uniform within the
power noise of the excitation source.
b). The identical area, scanned by SPFM. While the absolute intensity is
lowered (displacement of dye), a step-like structure is revealed, allow-
ing for determination of SPA-covered and blank substrate.
c). Confocal back-scattering image of the same region, acquired with
scanning particle in focus. The intensity is downscaled in order to
match the range of a) and b). No spatial information can be revealed.
d). Sections of the intensity maps a) to c). The confocal section (tip
retracted) produces a constant fluorescence intensity of 40.1 kcts. Low-
ering the particle probe into the focus displaces fluorescent dye from
the focal region. Despite of the lower fluorescence, the SPA-covered
area can be identified. In contrast, the back-scattered intensity remains
smooth as well.
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Figure 3.22.: SPFM image of the same sample. a) The large area
overview scan suggests that there is a horizontal area of lower fluores-
cence between 500 nm< y < 1700 nm. This is not an artefact, as other
areas of the sample show a continuous signal level. b) shows the sec-
tion along the green line in a). c) is the boxed area of a), scanned in a
higher resolution. It is the same data as in fig. 3.21 b).
of the SPA coating underneath the probing particle. Despite of the notable flu-
orescence enhancement it is not possible to determine the absolute positions of
the individual particles.
The width of the step-like feature in fig. 3.21 d) is evident and needs explana-
tion, as it is very large (≈ 200 nm).
One possible explanation for the wide transition is the occurrence of forward
scattering, as explained in appendix A.2.
A more concise explanation suggests that the enhanced signals acquired in two-
particle-mode are not caused by enhanced near-fields, but by an enlarged effec-
tive scattering cross section: if “real” near-field coupling was responsible for the
higher fluorescence intensity, one would expect a transition width in the range
of the particle diameter at most.
To clear the issue which of the two mechanisms causes the locally enhanced
fluorescence, the experiment is repeated with x polarised light and, alternatively,
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Figure 3.23.: SPFM image of the same area as in fig. 3.21, but with
excitation polarised in x direction (tip lowered). The intensity is scaled
in order to give a comparative impression of the flatness.
with a dimmed laser and no notch in front of the spectrometer.
The intensity map of the back-scattered light is on display in fig. 3.21 c) and
shows a perfectly flat image. This can be considered as a demonstration that e.g.
an enhanced scattering cross section is not the cause for the observed contrast
enhancement.
A fluorescent image for x polarisation can be seen in fig. 3.23 and is featureless
as well – this underlines the sensitivity of the SPFM technique with respect to
polarisation and spatial orientation.
So we have two strong indications that SPFM actually exploits enhanced near-
fields, and is not a victim of artefacts caused by scattered excitation light: both
the strong polarisation dependence and the uniform scattering properties un-
derline this. In conclusion, the wide step width is caused by forward scattering
of both fluorescence and excitation light.
The limits of SPFM
From the given geometry of the SPA (12 nm spheres separated by 120 nm) and
the probe-associated MNP (80 nm in diameter, hovering about 3 nm above the
surface, dithered by ≈ 3 nm in order to provide shear-force feed-back) one may
conclude that it is very hard to resolve the SPA both optically and topographi-
cally, especially in immersion.
A straight-forward measure to improve the spatial resolution is the substitu-
tion of the probing 80 nm particle by a smaller one. A tempting idea, provided
with a few implications:
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• A reduction of the MNP radius reduces its scattering cross section sig-
nificantly. The transition from 80 via 60 to 40 nm reduces the SCS from
1 : 0.18 : 0.016 – that’s one order of magnitude for each 10 nm step radius-
wise!
• From section 3.1 we know that the near-field enhancement will be reduced,
leading to a worse fluorescence contrast.
• Although the lateral resolution of the topography will improve, the in-
plane forward scattering [70] is still worsening the optical resolution.
• The resonance of the probing MNP will be higher-energetic for smaller
radii – for the given system (532 nm excitation), this is a good thing.
3.5. Consequences
This chapter dealt with the fluorescent properties of a fluorescent liquid in the
vicinity of one or two metal nanoparticles.
In the first sections of this chapter, I have shown that it is possible to determine
the direction of the relative displacement of the second sphere with respect to
the x,y plane bymeans of polarisation-dependent measurements of fluorescence
intensity.
Similar examinations have been done before by Kalkbrenner et al. [11], where
the applicability of such an experiment was proven for one ellipsoidal particle
and its spatial orientation. By adaptation of the ellipsoidal model of reference
[11] for the two-particle systems examined here, it would be possible to deter-
mine the actual position of the second particle quite accurately. In order to reach
this goal, the fluorescence is not necessary, though, as the white-light scatter-
ing properties of the combined metal structure itself is directionally sensitive, as
demonstrated in chapter 2.
At this point, it was not clear whether the orientation-sensitive fluorescence
intensity was caused either by an enhanced near-field, or an increased scattering
cross section, or amixture of both. This issuewas cleared by further experiments,
described in the last sections: by separating the two particles it could be shown
that not the varying scattering cross section of the particles is responsible, but in
fact the presence of strong local fields.
In terms of experimental technique, an attractive idea is the implementation
of arbitrarily “odd” polarisations (in x,z plane and subsequent rotation around
z). This would circumvent the imperfect alignment issues, as the excitation light
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could always be perfectly aligned. This is technically feasible and already in
the state of planning. The installation of such a device would provide a nice
tool to examine e.g. the relative orientations of molecular dipoles, oddly shaped
particles, anisotropic crystals and much more – and offers an easy method to
validate the calculations of section 3.2.4 experimentally.
The declared goal of this book is a quantification of the local fields between
nanoparticles. Although fluorescence enhancement in the vicinity of two parti-
cles has proven to be a polarisation-sensitive technique, accessing the actual field
enhancement in between the two particles is impossible.
Even if it was, the downsides of fluorescence molecules, namely photobleach-
ing, are not encouraging further pursuits of the procedure described in this chap-
ter. Therefore, the following chapters will demonstrate that Raman scattering is a
more promising trail to be taken.
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4. Field enhancement between two
particles – Scanning Particle
Raman Microscopy
ESTRAGON: Everything seems black to him today.
POZZO: Except the firmament! But I see what it is,
you are not from these parts, you don’t knowwhat our
twilights can do. Shall I tell you?
Samuel Beckett,Waiting for Godot
4.1. The allurement of scanning probe Raman
microscopy
In the last two chapters, near-field coupling between two metal nanoparticles
was contemplated. This coupling, as was indicated by the examinations of the
last chapter, leads to an enhanced field between two particles. The current chap-
ter will combine the experimental techniques with Raman spectroscopy, leading
to a valuable method for the determination of local fields [71].
The approach given here is based on the governing of the relative position of
twometal nanoparticles, whichwe have seen in chapter 2. Now, the illumination
consists of a focused narrow linewidth laser source, the spectrometer rejects the
excitation light by means of a holographic notch filter.
This excitation scheme illuminates two nanoparticles, of which one is coated
with a molecule with a known and distinct Raman signature. So any Raman
signal intensity in the range of a characteristic peak must stem from this particle
surface and can be used to measure the influence of the second particle, which
is brought in the vicinity of the first one. Finally, mapping the characteristic
Raman signal for various relative positions gives direct information on the local
field “seen” by the coated particle.
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Figure 4.1.: Proposition of scanning particle Raman microscopy from
reference [9]. Original caption: “The optical probe particle (a) intercepts
an incident laser beam, of frequency ωin, and concentrates the field in
a region adjacent to the sample surface (b). The Raman signal from the
sample surface is reradiated into the scattered field at frequency ωout.
The surface is scanned by moving the optically transparent probe-tip
holder (c) by piezoelectric translators (d).”
Evolution of scanning probe based Raman techniques
In order to give a classification of the work to be shown here, and to underline
its significance, a brief review of the evolution of scanning probe optics is given:
Figure 4.1, a drawing from reference [9] from the year 1985, depicts the basic idea
– an MNP, affixed to a transparent positioning device, serves as a nano-antenna
and enhances the interaction of the substrate with the illumination light.
Although the idea of scanning particle enhanced microscopy appeared to be
imminent, technical hindrances occurred: single particles of reliable quality were
hardly obtained [33], the particle holder, although transparent, scattered light
anyway, and the assembly of particle and probe-tip was not easily achieved
[32]. As a surrogate, a dielectric particle on a dielectric tip could be metallised
by vapour deposition. Unfortunately, this metal film prevented a direct illumi-
nation of the area of interest, so the signal yields were small [6].
For these reasons, the part of the scientific community involved in Raman-
based near-field imaging either evaded scanning particles by sucessfully ex-
ploiting surface enhanced Raman spectroscopy [72] or favoured scanning probes
based on tapered wires [15, 73]. This tip-enhanced Raman spectroscopy (TERS)
was more accessible, as the probe positioning is identical to the well estab-
lished, award-winning tunnelling electron microscope, presented in 1982, and
has reached even single-molecule sensitivity since [74, 75].
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With the advent of shear-force-based tip-sample distance control in the mid-
nineties [30, 76], scanning particle experiments became feasible [32] and reliable
[10, 11, 14].
This chapter utilises the technique of scanning particle probes, joint with the
idea from 1985, and demonstrates scanning probe Raman imaging based on the
near-field enhancement of a metal nanoparticle.
Raman enhancement vs. field enhancement
One should be aware of the fact that there are different entities which may be
“enhanced”: if the local field is enhanced by a metal structure by a factor f, the
local intensity is enhanced by a factor F= f2. Later in this chapter it will be shown
that the Raman signal S is mostly [77] proportional to S ∝ F2 = f4 - so a local field
enhancement of e.g. a factor 3.5 (which is a good estimate for the near-field of a
single, resonant Au sphere) leads to an intensity enhancement of more than 12,
so we end up with a Raman intensity enhancement of 150. One should be careful
not to intermingle these figures when comparing different “enhancements” from
different authors and experiments.
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Figure 4.2.: Principal axis (red line) connecting two particle centers.
It is off-horizontal by angle β, which depends on the inter-particle dis-
tance d by β = atg [(R1 − R2)/d].
4.2. Theoretical considerations
4.2.1. Distance-dependent near-field of two particles
We sawmany considerations on field enhancement between twometal nanopar-
ticles in the last chapters. These certainly are still valid, the following sections
only get into more detail and refer more precisely to the actual experiment.
The last chapters suggest that two particles of 80 and 30 nm diameter provide
an adequate near-field enhancement, depending on the inter-particle distance d.
If one likes to measure this enhancement, some experimental peculiarities have
to be taken into account.
As the particles are lying on a substrate, the principal axis of the structure
(the line connecting the centres of the spheres) is not horizontal anymore, as
the sketch in fig. 4.2 suggests. Even worse, the angle β between substrate and
principal axis is depending on the inter-particle distance d by β = atg [δ/d], δ
being the difference of the radii, δ = R1 − R2.
Up to now, the excitation light was assumed to be a plane wave, polarised in
parallel to the principal axis – this condition is no more complied with.
Figure 4.3 portrays the intensity distribution of the new situation for three dis-
tances d. The figure depicts a series of intensity plots calculated by MMP (see
section A.3.1).
For a given illumination (vacuum wavelength 532 nm, chosen for technical rea-
sons) one can see that the maximum intensity enhancement is about twenty-
fold – as intensity is proportional to the squared absolute of electric field square,
I∝ |E|2, the electric field is enhanced by amere factor of 4.5. This is fairly low and
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Figure 4.3.: MMP-calculated intensity distribution for two particles
(80 and 30 nm diameter) lying on a substrate, embedded in matching
liquid n = 1.5; computed for three different distances d. The principal
axis is drawn in red. Excitation is a plane wave of 532 nm propagating
in z direction, polarised along x, and featuring an intensity of 1.
mainly owed to the fact that the wavelength, which is suggested by experimen-
tal considerations, is off resonance for particles embedded in media (substrate
and immersion oil) of index n = 1.5.
Aside from the field enhancement, one can nicely see the different intensity
distributions for “small” (80 nm) and “very small” (30 nm) particles in fig. 4.3
(left). At d = 120 nm, the intensity in the vicinity of the small particle looks fully
symmetric, whereas the regions of enhanced intensity at the larger particle are
slightly “pushed upwards” in the direction of k along the z axis.
One should keep in mind that the wave front spacing in a medium of n = 1.5 is
≈ 350 nm, so the larger particle is about λeff/4 in diameter – which is not “”,
and therefore, retardation effects become prominent.
For d = 0, the principal axis is perpendicular to the substrate, so the polarisa-
tion is such that the two particles can only interact by means of far-field dipole
emission, similarly to situation B in section 2.2.2. Nevertheless, an enhanced in-
tensity is found in the gap between the two particles due to the proximity of the
emitting sources.
4.2.2. Raman scattering
Raman scattering is a spectroscopy technique providing information on the
chemical and physical structure on a molecular level. Technically, a light source
(for the sake of simplicity I recommend a laser), a target specimen, a filter to
dispose of the excitation light, and a good spectrometer are sufficient, so the dis-
covery of the effect by its eponym was possible already in 1928. Nowadays, the
term “Raman spectroscopy” denotes a class of technology for analysis includ-
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Figure 4.4.: Monochromatic light of frequency f is directed on a
Raman-scattering molecule. By either adding or subtracting the vibra-
tional energy hv of the molecule via virtual excitation levels, the energy
of the scattered photons is altered. Usually, multiple vibration mode
energies cause multiple frequency shifts.
ing conventional Raman spectroscopy, surface-enhanced Raman spectroscopy
(SERS), tip-enhanced Raman spectroscopy (TERS), and many further variations
thereof [78].
The underlying physics is explained1 in fig. 4.4: monochromatic light of fre-
quency f is irradiated on a molecule. The molecule may be allowed to vibrate, a
vibration quantum carries the energy hv. By using a virtual band2, the molecule
interacts with the incident photon, so the vibration is excited. The excess pho-
ton energy, h(f− v), is emitted instantaneously, so the Raman-scattered photon
is Stokes-shifted to the red with respect to the original irradiation. A molecule
already vibrating may add its vibrational energy to the photon: after the scatter-
ing process, the scattered photon is blueshifted (anti-Stokes) and the vibration
stops.
Raman shifts are absolute energies, added on the “carrier” energy of the
excitation photons. For this reason it does not make sense to use the wave-
length, neither absolute nor relative, as unit of measure. For historic reasons,
the spectroscopy-specific inverse centimetre (cm−1) is used.
1The picture provided here is strongly simplified, but a more accurate introduction would not
be beneficial for this chapter.
2The photon energy hf can even be so low that it can’t excite the molecule from its ground state
S0 to S1. There is no need for an actual intermediate excitation state of the molecule.
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The intensity of a Raman signal S is proportional to the illumination intensity
square,
S ∝ I2 . (4.1)
Remembering that the intensity is connected to the electric field via I ∝ |E|2, a
power-of-four dependence between electric field and Raman intensity is given:
S ∝ |E|4 . (4.2)
In the proportionality sign, the Raman scatterer’s polarisability distribution and
material parameters are hidden. It should be noted that Raman scattering is a
linear process: one photon interacts with an optically linear material, and one
photon is sent off. It is only the probability of this process which scales with the
intensity square [25, 77].
It is important to realise that the proportionality in the equation S∝ |E|4 leaves
room for a Raman scattering cross section. Unfortunately, this is “typically 14-15
orders of magnitude smaller than the fluorescence cross section of efficient dye
molecules” [25]. Therefore, the spectrometer needs a good suppression of the
excitation light (usually a holographic notch filter), and, of course, high electric
fields are desireable.
Surface-enhanced Raman spectroscopy SERS
A well-established method to provide high fields is SERS [72]: the molecule un-
der examination is spread on a rough metal film. Most molecules don’t con-
tribute significantly to the averaged Raman signal. The major portion of the sig-
nal is generated by very few molecules which are exposed to strongly enhanced
fields caused by some coincidentally enhancing configurations of themetal grain
roughness [7, 16]. Certainly, one tries to provoke such hot spots, e.g. by corru-
gating the metal film [46, 79].
A thorough but general theory for this effect is not found yet, but this is no hin-
drance for a successful application of SERS [46, 79, 80, 81, 82, 83].
Tip-enhanced Raman spectroscopy TERS
In terms of optical resolution, SERS is a diffraction-limited technique, and the
signal enhancement, as described in the previous section, a matter of statistics.
This explains the need for a “mobile hotspot”, formed between a (possibly metal
coated) substrate and a metal (coated) tip. This would provide an optical res-
olution in the range of the tip radius [84], as the enhanced fields are strongly
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localised to its apex.
The tip can be either an AFM-like cantilever or an STM needle [73], both tech-
niques offer specific advantages, but each for its price: while the STM provides
ultimate topographical resolution, it demands a conductive substrate. The oscil-
lating non-contact AFM tip is “far away” (a few to tens of nm, depending on the
setup) most of the time because of its periodic oscillation, thus providing high
near-fields for only a fraction of this cycle. On the other hand, it can be applied
in conductive liquids, e.g. on biological samples.
4.2.3. Raman signal generated in the vicinity
of one nanoparticle
A major drawback of Raman scattering is its low efficiency. While e.g. a typi-
cal fluorescence dye molecule has a cross section in the order of 10−12 cm2, Ra-
man scattering cross sections rarely exceed 10−20 cm2, which is an extraordinary
value for a quasi-free molecule [16, 81]. For this reason, one might try to simply
increase the illumination intensity, but this is certainly not applicable if several
orders of magnitude are to be gained, specimen heating effects left aside. In-
stead, a local enhancement of the electric field, as introduced in the last sections, is
desirable.
For this purpose, one might remember figure 2.4: according to section 2.2.1, in
the vicinity of a single illuminated MNP, field enhancement in the range of three
to four with respect to the incident electric field may occur. In consequence, one
may expect an intensity enhancement of 42 = 16, and as for Raman scattering, a
signal improved by factor 44 = 256 might be expected.
Apparently, this is true for resonant Raman scattering, but the non-resonant Ra-
man signal stays behind the expectations [82] – the interpretation still is under
discussion [85].
4.2.4. Raman signals generated between two nanoparticles
Conventionally, the roughness of a metal surface is used in order to obtain high
Raman signals (SERS), even of single molecules [7, 16]. If a sharp metal tip is
applied, it is possible to get Raman signatures of single molecules even at room
temperature [75].
Quite evidently, the enhancement of a structure as in fig. 3.4 can be used for the
generation of a Raman signal. The high electric fields of such structures promise
highly increased Raman intensities. Looking at the local intensity maximum
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of a more realistic structure, fig. 4.3, which is about 20 times the illumination
intensity, and remembering equation 4.2, we may expect an enhancement of the
Raman signal by a factor of ≈ 400.
In order to produce such a pair of nano particles, several methods spring to
mind:
• Two particles can be approached towards each other by means of optical
tweezers [86, 87]. Field gradient forces of a tight focus cause the particle
to move, so by tweaking a mirror, a particle is moved. This is already
established for Raman spectroscopy [88], but lacks a nanometer precision
of the relative and absolute positions of the two MNPs.
• Alternatively, the two particles can be pushed towards each other bymeans
of a scanning probe. This produces very good spatial position, but this
method wasn’t tested for Raman spectroscopy yet, as at the very hot spot,
the molecule could not be chosen at will due to the method applied [89].
• Instead of pushing and subsequent tip retraction, one MNP may be at-
tached to the tip, while the second is stuck to the substrate. As the first
MNP is part of the scanning probe, the probe position accuracy is identi-
cal to the precision of the particle position, and the gap between the two
MNPs may contain any substance.
The last approach is subject of this chapter.
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Figure 4.5.: Sketch of the scanning probe setup for measuring d-
dependent field enhancement. The fibre tip is immersed in index
matching oil in order to suppress unwanted scattering light from the
glass tip.
4.3. The SPRM experiment
Usually, the local field enhancement, combined with Raman spectroscopy, is
used to get information about a molecule (or to demonstrate the capability to
do so). This section 4.3 uses Raman spectroscopy for the “inverse problem”: a
knownmolecule with a known Raman signature is applied in order to gather in-
formation on the distance dependence of the field enhancement between two nanoscopic
gold spheres, as described in section 4.2.1.
4.3.1. Technical details
The distance-dependent field enhancement between two metal particles shall be
acquired by recording a Raman signal from molecules located in the gap. For
this purpose, the experimental setup of section 2.3 is slightly altered: the two
particles, one attached to a fibre manipulator, one lying on the substrate, are not
of identical diameter anymore.
The larger particle is fixed to the fiber tip as before, but now, as Raman scatter-
ing is required, the gold particle is coated with molecules dedicated as Raman
scatterers. This particle is permanently kept in the focus of the excitation light,
while the smaller particle, lying on the substrate, is moved into the vicinity of
the larger particle by scanning the substrate, see fig. 4.5.
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The Raman molecule
The particle-decorated tip, manufactured as described in section 2.3.3, must be
covered with a Raman-scattering molecule. This molecule must be equipped
with the following properties:
• It must bind to gold reliably.
• It must not bind to glass.
• Unbound molecules can be rinsed off.
• The APTMS bond must not be harmed, neither by the molecule itself nor
by liquids necessary for further chemical treatments of the tip.
• The molecule must not affect the shear-force feedback loop.
• Chemical stability in immersion oil.
• The Raman signals of the immersion liquid and of the coating molecule
must be clearly separable.
Various substances come tomind, but quite a number of them doesn’t fulfil the
entire list specification: p-NDMA3, although well documented as Raman scat-
terer [79], turned out not to bind reliably to gold. What’s more: it tends to poly-
merise when illuminated strongly! More complex molecules, e.g. ZnOEP4 drop
out as they either decompose or are not soluble in immersion oil, and some, for
example 4-MBA5 just don’t provide distinct Raman peaks not interfering with
the peaks of the immersion oil [90].
The molecule of choice, 1-octanethiol6, complies with all these points. Its sul-
phur termination binds to gold covalently. This Au−S bond can be easily identi-
fied in the Raman spectrum as the ν(S−C)Tmode [83, 91, 92] and shows Raman
features that do not overlap with the signature of the immersion oil, see fig. 4.6,
although large parts are identical due to the alkyl chain. Therefore, it is possible
to assign both the Raman signal and its spatial origin unequivocally.
The 80 nm particle is coated with 1-octanethiol by submerging the entire tip
into the undiluted liquid for 15 min. Extensive rinsing with ethanol removes
residual molecules that did not bind to the gold, resulting in a monolayer [94] of




6[111-88-6], ABCR GmbH, Germany
74 Field enhancement between two particles – SPRM
Figure 4.6.: Top. Cartoon of the molecular structure of 1-octanethiol
bound to gold. The ν(S−C)T mode, as in references [83, 91, 92], is sig-
nified.
Bottom. Raman signal of 1-octanethiol bound to an 80 nm gold sphere
(black curve), and the Raman signal of the immersion oil used here
(grey). While common peaks may be identified (e.g. at 1480 cm−1,
a CH3 bending mode [93]), the peak related to the ν(S − C)T mode
of bound sulphur stands singled out, so simultaneous usage of 1-
octanethiol and immersion oil is possible. Two spectral windows are of
interest: the one indicated by the red arrows contains the Raman signal,
convoluted with the background signal. Next to it, a spectral range con-
taining no significant Raman peaks serves as a gauge for background
noise.
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Figure 4.7.: Optical components for Raman experiments. Note the
similarity to the setup for fluorescence acquisition, fig. 3.10. A laser
beam (532 nm) is collimated by lens L1 and focused by lens L2 (Zeiss α-
PlanFluar, NA 1.45), producing a sharp focus on the glass subtrate GS,
which is embedded in index-matching oil O1 and O2. Both Mie- and
Raman-scattered light is collected by L2 and deflected by a beam split-
ter BS on a holographic notch filter N, which rejects light of the origi-
nal laser wavelength by reflection. Finally, lens L3 focuses the Raman-
scattered light on a spectrometer slit.
Raman-suitable optics
The optical path is sketched in fig. 4.7. As Raman scattering affects the energy of
photons, it is of importance to use a very narrow laser line – here, a temperature
stabilised 532 nm laser is used, dimmed down to 2 mW by neutral filters. The
excitation light is tightly focused by a microscope lens7 to a spot of less than
300 nm diameter.
Back-scattered light, consisting of both Mie- and Raman-scattered photons,
accompanied by autofluorescence of the gold, is filtered by a notch filter (see
7Zeiss α-PlanFluar, NA 1.45.
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Figure 4.8.: Vectorially calculated intensity of Raman-scattered light
collected by a numerical aperture of 1.45. Based on the parameters and
calculations of fig. 4.3.
fig. A.3 in the appendix), so only Raman-scattered light and fluorescence from
the gold enter the spectrometer slit.
The spectrometer grating allows one to image the Raman-scattered light from
0 to 1600 cm−1 with a resolution of 0.24 nm per pixel. Therefore, two spectral
bins or “windows”, as depicted in fig. 4.6 bottom, may be recorded simultane-
ously, so fluorescence and Raman light can be separated: one window does not
contain any significant Raman lines, so its intensity is a good measure for the
non-Raman-scattered background signal. The second bin, as indicated in fig. 4.6
bottom by the two arrows, is covering the spectral range of the ν(S−C)T Raman
peak. By subtracting the non-Raman signal from the Raman-plus-background
afterwards, the Raman intensity is isolated.
4.3.2. Expected Raman signal
In this illumination configuration, the incident light is not a plane wave, but a
focused Gauss beam. Furthermore, the finite aperture of the microscope lens col-
lects only a portion of the generated Raman signal: evidently, only light entering
the collecting cone of the lens can finally be imaged on the CCD of the spec-
trometer. Therefore it is insufficient to calculate the plain field enhancement in
order to obtain an experimentally accessible Raman intensity – the Raman emis-
sion must be treated vectorially. The findings of such calculations is depicted in
fig. 4.8.
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Figure 4.9.: Drawing of the two particles, either at the optimised dis-
tance of 65 nm (left) or at the minimum distance possible when both
particles still touch the substrate. Scale 500000:1.
As the larger particle, which carries the Raman molecules, is kept in focus
by means of a shear-force z controller and a strain-gauge-controlled x,y scanner,
the inter-particle distance is determined by the position of the scanning substrate
carrying the 30 nm particle. So fig. 4.8 gives the acquirable intensity for various
inter-particle distances.
The shape of the curve is basically determined by the shape of the focus, which
is Gaussian in nature. In the case of symmetry along the z axis (d = 0), the larger
particle is slightly retracted by the shear-force controller in order to give way for
the smaller particle. In this position, a local minimum occurs in the intensity
of the back-scattered light. One reason is the worse coupling between the two
particles (field of parallel dipoles), the second reason is shielding: the smaller
particle is in theway between the hot spot and the collectingmicroscope lens and
precludes a portion of the Raman-scattered light from hitting the spectrometer
by scattering.
A second property worth discussion is the exact position of the maxima in
fig. 4.8, which are at |d| = (65± 2.5) nm. It can be learned from a true-scale draw-
ing, fig. 4.9, that this is not the minimum distance possible (which is |d| = 49 nm).
This appears to contradict the records of section 2.4, where a maximum coupling
is recorded for minimum distances.
To clarify this issue one has to take into account that the principal axis, i.e the
line connecting the two particle centers, was always horizontally aligned for the
white-light spectroscopy, as the two particles were of identical diameter. Here,
we use two unequally sized particles, so the principal axis is tilted with respect
to the horizon – and to the polarisation. So there is a trade-off between decreas-
ing the gap (good for enhancement) and misaligning the structure (bad due to
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Figure 4.10.: Scanning particle-enhanced microscopy images. In a),
the small particle scans a stripe perpendicularly to the polarisation, in
b) the scanned region is parallel to it. Each pixel was integrated for 0.2 s.
The stripes are 1000 nm by 20 nm and 250× 5 pixels. Note the warped
shape of the pixels for the sake of clarity.
impaired coupling).
4.3.3. Acquired Raman signal
Technically, the actual SPRM measurement is very similar to the white-light
spectroscopy experiments of chapter 2: one particle is kept in the center of the
excitation light, while the second particle is scanned by moving the substrate. At
every image point, a spectrum is taken. The intensity of the spectral region of
interest, see fig. 4.6, is extracted.
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Raman intensity mapping
As opposed to confocal imaging, where the pinhole diameter is crucial, the spa-
tial resolution of the Raman intensity is determined by the positioning accuracy
of the particles. Hence, the spectrometer slit may be wide open, i.e. 150 µm,
corresponding to an imaging resolution of 1.5 µm, in contrast to the mechani-
cal resolution of below 5 nm. The spectral resolution decreases for the benefit of
higher intensity. The pixel time, i.e. the duration of the exposure of the spectrom-
eter CCD per pixel, was 0.2 s. The Raman signals were background-corrected by
subtraction of the fluorescent background of a neighbouring spectral slot which
is free of Raman features.
Figure 4.10 portrays the results for two configurations: in arrangement A, the
illumination is polarised perpendicularly to the principal axis of the two parti-
cles, in setup B, this axis and the polarisation are parallel8 to each other.
Distance dependence
In order to part the portion of the Raman signal caused by near-field enhance-
ment from the increase due to the increased scattering efficiency (caused by sim-
ply augmenting the overall scattering volume), the signals are subtracted, B−A.
The remains do not consist of pure near-field-caused Raman counts, but they are
dominated by it.
In fig. 4.11, the acquired data are displayed together with the predictions of
section 4.3.2. The local minimum at d = 0 is well obtained and hence the two
maxima. As discussed in section 4.3.2, the distance between the two features
is ≈ 130 nm, which corresponds to |d| = 65 nm for the optimum inter-particle
distance.
The relative height of the maxima with respect to the central minimum (10%
overshoot) is reproduced by the experiment nicely as well. In general, the vector-
based calculation of the Raman signal has proven to reproduce the peculiarities
of the experiment very well.
Assessing the intensity enhancement
The acquired Raman signal Stot consists of three components:
• Firstly, the signal one would gather from the single 80 nm particle and
which is persistent during the entire experiment. Assuming a molecu-
lar density of four molecules per square nanometer [95] and peering at
8Actually, they are not, as the principal axis is not in level with the substrate, see fig. 4.9.
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the field intensity distribution in fig. 4.3 we estimate that this persistent
background signal Sref is generated by one quarter of all surface-bound
molecules, hence zref = pi · r2 ≈ 6700.
• The second contribution is the additional Raman signal generated by the
hot spot9 mediated by near-field coupling, SHS. Again, fig. 4.3 leads to an
assumption of the number of molecules involved: for a first order approxi-
mation, we consider the hot spot as a circular area ≈ 20 nm in diameter, so
zHS ≈ 1200.
• A third contribution to the Raman signal is caused by light that is first
Mie-scattered at the smaller particle and then Raman-scattered by the alka-
nethiol – the insertion of the second particle into the focal region increases
the overall scattering cross section. This re-scattered portion can be iso-
lated by subtracting the two measured intensities of two orientations of
polarisation, as mentioned in the previous paragraph.
As residual, the first two constituents of the signal, Sref and SHS are separated
from the distance-dependent background and can be seen in fig. 4.11.
From this, the component we are interested in (SHS) can be isolated by the
following considerations: the Raman signal approximately doubles (from 0.55
to 1.1 units) due to the presence of the smaller particle, so
Sref ≈ SHS . (4.3)
As the Raman signal is generated by a number of molecules z which “see” a
certain illumination intensity I, and remembering that a Raman signal is propor-
tional to the intensity square, one may change the equation to
zref · I2ref ≈ zHS · I2HS . (4.4)
Now, the intensity enhancement factor F is introduced: the intensity in the hot
spot is a multitude of the background intensity, IHS = F · Iref. This leads to an
intensity enhancement at the hot spot with respect to the background Raman
signal of
zref · I2ref ≈ zHS · (F · Iref)2 (4.5)
→ F ≈
√
zref/zHS ≈ 2.3 . (4.6)
9The term ‘hot spot’ is used quite inexact by here; the character of the issue in question is rather
the one of a “warm region”.
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Figure 4.11.: Distance-dependent Raman intensity from the hot spot
between two particles (averaged over three measurements). The red
curve reproduces the measurement, the blue curve is the same as in
fig. 4.8. Both feature width and height are in good agreement between
predictions and measurements.
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Since this background signal is generated by an 80 nm particle which already
possesses an enhanced near-field intensity of F80 ≈ 8 [27, 48] we find a maximum
experimental enhancement factor Fmax for the given hot spot structure of
Fmax = F · F80 ≈ 18 (4.7)
with respect to the illumination intensity.
Theoretically, an enhancement by a factor of FMMP ≈ 20 was calculated, com-
pare fig. 4.3. The small but undeniable discrepancy between Fmax and FMMP
can be eased by many experimental restrictions which were not taken into ac-
count: aside from technical imperfections and uncertainties, a set of plane waves
was applied as excitation source in order to simplify calculations, which is in
contrast to the experimental Gaussian beam causing a more complicated light-
particle interaction, as suggested by the system’s high sensitivity for (mis-) ori-
entation, see fig. 4.9. Moreover, the intrinsic imperfections of focused light
(depolarisation, and especially apodisation10 [54, 56]) probably are relevant for
the deviations between calculation and experiment for intermediate distances
120 nm < d < 200 nm, see fig. 4.11 and compare to fig. 3.7.
10For large NA, the Airy rings caused by diffraction are suppressed (which increases the con-
trast) at the expense of thewaist of the central (which broadens, hence reduces the resolution).
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4.4. Re´sume´ and future perspectives
Despite its early anticipation in 1985, along with tip-enhanced two-photon-
spectroscopy and second harmonic generation [9], the amalgamation of scan-
ning probe techniques on the nanometer scale and optics beyond the resolution
limit for far fields still implies certain snags, both physical and technical in na-
ture. Alas, human curiosity doesn’t balk at necessary efforts, so in 1995 the first
tip-mediated Raman near-field image could be reported [15] – although, quot-
ing the authors: “NSOM Raman measurements are difficult”. These mild com-
plaints are cushioned by the parameters used by Mr. Raman in order to record
his first signals: the specimen volumewas in the range of half litres, the exposure
time was, derived from then-available film sensitivities, several hours [96]. The
progress from these early stages to SPRM is enormous, as the latter copes with
specimens consisting of a few hundred molecules and exposure times smaller
than a second.
This chapter gave a detailed introduction to Scanning Particle-enhanced Ra-
man Microscopy (SPRM). With this novel tool, the distance- and polarisation-
dependent near-field enhancement of two couplingmetal nanoparticles could be
analysed. It was demonstrated that in contrast to Raman experiments based on
single particles, the near-field coupling between two dissimilar particles leads
to a Raman hot spot yielding an enhancement factor of Fmax ≈ 18 and 20, re-
spectively, as proven here both in experiment and in theory. The two particle
constellation allows recording the Raman signatures from a low number (≈ 700)
of well-confined molecules. Moreover, also the spectral and spatial dependence
could be explored with a high sensitivity and very low integration time.
Indeed SPRM is not just “nice to have” but a promising addition to the set
of Raman tools, adding some properties other techniques don’t provide – for a
price of course, as there is no “ultimate” Ramanmicroscope. This gives rise to the
question: what are the chances and limits of SPRM? The following sections will
provide some assumptions and calculations in order to estimate the feasibility of
e.g. single molecule Raman experiments.
4.4.1. Possible changes of the current experiment
Three main aspects of the SPRM experiment as shown in the last sections must
be optimised: the excitation wavelength should be changed to the particle reso-
nance (about 590 nm for 80 nm particle in n = 1.52). Additionally, the principal
axis should be aligned more precisely with respect to the illumination polarisa-
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tion. Furthermore, a molecule with a better Raman yield could be chosen. And
finally, the utilisation of sphericalMNPs may be questioned.
Switching λ
According to section 2.2.1, the plasma resonance of an 80 nm gold particle is
rather 590 nm than 532 nm, so a change of the wavelength is very promising.
Unfortunately, the technical implications of “switching λ” are extensive – this is
the reason why the first SPRM measurements were not carried out under opti-
mum conditions [71]. On the other hand, a switch would roughly add 50% to the
near-field enhancement factor [48], so about a half order of magnitude could be
gained. Of course, this presupposes that the excitation efficiency of the Raman
peak under examination is independent of the excitation wavelength.
For the 80-30 nm system with “neutral” AT molecules, about 350 molecules
would become detectable instead of 700.
Perfect alignment
The second problem, the exact alignment of particles with respect to the polari-
sation, can be taken care of by transferring the fluorescence setup of section 3.4.2:
by focusing a radially polarised beam by means of a large NA lens, section 3.2.1,
the focal region is dominated by a polarisation in the direction of z. As this cor-
responds to a projected particle center-center-distance of d = 0, as in fig. 4.2 and
fig. 4.3, right, a perfect alignment can be established with particle pairings of any
sizes.
For the 80-30 nm system, a proper alignment would cause a field enhancement
of ≈ 30 instead of the factor 20 as acquired in the aforementioned experiments.
For the Raman signal, this improvement would provide a gain of 304/204 ≈ 5. In
combination with a more appropriate excitation wavelength, the sensitivity of
the experiment would be sufficient to detect ≈ 350/5 = 70 molecules.
“Better” molecules – resonant Raman spectroscopy
In order to manage the jump from 70 to 1 molecule would require a specimen
with a Raman cross section increased by two orders of magnitude. The actual
molecule of choice should not be 1-octanethiol anymore: as interesting its prop-
erties are in the context of self-assembly [83, 91, 95] and metal nanoparticles
[92, 97], the Raman scattering efficiency is higher for other molecules, even if
they are not resonantly excited [90].
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An even better way would be a switch from normal Raman scattering,
equipped with cross sections in the range of 10−26 cm2, to so-called resonant Ra-
man scattering, which provides cross sections in the regime of 10−18 cm2. Usu-
ally, the choice of wavelengths available in a laboratory is restricted, which in
turn limits the number of resonantly absorbing molecules. This, in combination
with the requirements of section 4.3.1, turns out to be a chemist’s quest: of course
there are molecules resonantly absorbing at e.g. 532 nm (Rhodamine 6g, Nile
Red, ABT-DMOPA and mitoxantrone [85]), but aside from their non-binding
to metal surfaces: some of these are molecules designed to fluoresce strongly,
thus ruining the background signal. When shifting the excitation wavelength to
633 nm, Nile Blue and Malachite Green ITC [12, 98] might spring to mind, but
again, none of them fulfils all the aforementioned requirements.
Of high interest would be a system in which both the Raman line of the
molecule and the plasmon resonance of the tip decoration are close. For ellip-
soidal MNPs, strong hybridisation would take place, possibly providing infor-
mation of molecular orientation [99].
Non-spherical particles
The picking procedure as described in section 2.3.3 is not limited to spherical
MNPs, so an excursion to the field of antenna theory [23] is promising: aside
from elongated metal ellipsoids or even rods, which both provide a strong field
enhancement [99, 100, 101] at the end caps (‘lightning rod effect’) due to reduced
damping [102], more exotic shapes are imaginable: triangles, crescents [103], or
even bow-ties [36, 49, 104].
As always, the local field enhancement which could be actually achieved
strongly depends on the quality of the particle surface: a rough surface might
provide a SERS-like effect, which looks nice in the first place. But as the surface
of each individual particle probe is “differently rough”, such tips wouldn’t be
reliable in the sense of reproducibility. The enhancement of a particle equipped
with a perfectly smooth surface will be determined by the particle shape (for
given material etc.).
4.4.2. Spatial resolution vs. enhancement
As the applicability of SPRM is proven for experiments of less than 100
molecules, we may now consider other MNP configurations. One goal might
be the tuning to higher spatial resolution by reducing the size of the MNPs. A
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second achievement would be to generate “hotter” hot spot intensities by build-
ing more complex antennae consisting of multiple MNPs.
Smaller particles
The efforts in reaching smaller MNP diameters in order to enhance the spatial
resolution for microscopy and spectroscopy have to be counterbalanced by the
dramatically reduced local field enhancement for decreasing particle diameters:
two particles of, e.g., 30 and 10 nm in diameter yield a calculated maximum
signal enhancement of a factor 10 only. The rule of thumb (the larger particle
determines the enhancement, the smaller the hot spot volume) is still valid.
In addition, record resolutions are out of question for scanning particle Ra-
man microscopy, as the spatial dimensions of the particle can never reach the
theoretical limit for metal-wire-based tips: a single atom. This would change the
character of the overall experiment from a technique based on relatively accessi-
ble components to a tedious experiment on the level of single-atom interactions.
More particles: the snowman
A very tempting approach would be to combine the experience gathered in the
field of manufacturing two-particle probes of section 3.2.5 with the concept of
SPRM: a probe decorated with twowell-aligned particles, combined with a third
particle on the substrate as “snowman’s head”, could provide a powerful means
for single-molecule Raman microscopy. A draft of this idea is seen in fig. 4.12.
Alas, the rule of thumb for two-particle enhancement is basically valid for
three particles as well: the largest determines the amount of enhancement, the
smallest restricts the hot spot volume. As can be seen from the numerical simu-
lations in fig. 4.13, the introduction of a third particle only approximately dou-
bles the enhancement factor to 50. In comparison with the original experiment,
where a factor of 20 is sufficient to see 700 molecules, the particle triplet would
be restricted to image agglomerations of at least 700/(504/204) = 18 molecules.
That’s indeed very few, but still not on a single-molecular level yet.
4.4.3. Implications
As Raman spectroscopy indisputably is an essential technique of chemistry, ma-
terials science, biology, and other fields of physics, the amalgamation of Raman
spectroscopy and a scanning particle probe, as introduced and applied here in
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Figure 4.12.: Sketch of the experimental setup for building inverted
snowmen on the fly.
Figure 4.13.: Numerical simulation of the electric field in the gaps be-
tween three dissimilar gold spheres, 80, 30 and 10 nm in diameter. The
gap of interest between the two smallest spheres is either 5 nm (solid
lines) or 2 nm (dotted lines). Embedding medium is air (n = 1). Inset:
Distribution of the electric field for optimum parameters. Taken from
[48] with permission.
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order to quantify local fields, will be of high use for the people involved in the
aforementioned disciplines.
SPRM will not be a substitute for other Raman techniques, as each offers its
advantages – and disadvantages: depending on the actual specimen and goal of
the scientific problem it can be desirable to avoid the scanning tip, the immersion
fluid, or the need for a transparent substrate. On the other hand, in-vivo mea-
surements in buffer liquids, which are impossible to do by STM-based TERS, are
a straightforward application for SPRM thanks to its robust fibre tip.
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5. Conclusion & Outlook
When you come to a fork in the road, take it.
Lawrence Peter ”Yogi” Berra
Now is the moment to stand back and classify the issues that were presented
in the last chapters. Many issues in the field of “optics and metal nanoparticles”
have been presented, and here is the opportunity to divide between valuable
scientific results, handy information bits and fun but useless toying. And of
course this is the moment to ask: what to do next?
5.1. Conclusion
Aside from preparatory experiments, the systems under examination constantly
consisted of two gold particles. Three optical properties of interacting MNPs
have been examined, namely the scattering cross section, the fluorescence en-
hancement (a trade-off between field enhancement and quenching effects) and
the enhancement of Raman signals (dominated by field enhancement effects).
So let me sum up the findings for each property:
5.1.1. Scattering properties of two MNPs
Chapter 2 gave an experimental proof that two MNPs, even if separated by a
micron, are influencing each other by means of scattered light. As shown in
fig. 5.1, this influence affects the overall scattering cross section in such a way
that, depending on the distance of the two particles, the centre energy E0 and the
spectral widthW are modulated. The modulation vanishes for distances signif-
icantly larger than the coherence length of the illumination source, and for light
polarised along the principal axis of the two particle. For the latter condition,
mainly near-field moderated spectral shifts are reported here and elsewhere.
These findings are especially valuable, as some of the earlier experiments
which dealt with many particle pairs didn’t bother very much about the spac-
ing between the pairs. This is deducible from the fact that some publications
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Figure 5.1.: SCS of two equally-sized MNPs. Top. Sketch of the experi-
ment. Bottom. Dependence of FWHM and E0 on distance d. A modula-
tion with periodicity λ0/n is caused by the phase delay of re-scattered
light in comparison to directly scattered excitation light.
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don’t mention the neighbouring distance and show SEM images of single pairs
only, although the specimens were produced lithographically. So it is possible
that some of the results for assumed pairs may turn out to be a rather collec-
tive phenomenon, as the coherence length of the light source was not taken into
account.
5.1.2. Fluorescence and MNPs
Chapter 3 discussed several issues concerning fluorescence in the vicinity of
MNP pairs.
At two adjacent MNPs, two effects may lead to an enhanced, but polarisation
sensitive fluorescence intensity: either the increased near-fields or the enlarged
scattering cross section of the two-particle systemmay cause higher fluorescence
signals.
Nevertheless, the orientational sensitivity of this enhanced fluorescence al-
lows conclusions on the relative positions of the two particles.
If the system is changed from adjacent MNPs to a single MNP attached to a
scanning probe, and the counterpart is taken by an array of small particles, it
was possible to detect the presence of the small particles optically because of the
fluorescence enhancement, fig. 5.2. This enhancement was not detected when
rescanning the same area with the particle probe retracted, so the importance of
the second particle is demonstrated.
Thewidth of the feature step, fig. 5.2 bottom, suggests that the enhanced signals
acquired in two-particle-mode are not caused by enhanced near-fields, but by an
enlarged effective scattering cross section: if “real” near-fields were responsible
for the higher fluorescence intensity, one would expect a transition width in the
range of the particle diameter at most. This assumption was disproved by direct
measurements of the scattering cross section of the same region. For this reason,
the effect of forward scattering must be responsible for the observed step width.
5.1.3. Scanning Particle Raman Microscopy
Chapter 4 demonstrated that the local field enhancement, as examined in chapter
3, can provide a means for mapping local electric fields, but now by means of
Raman scattering.
For this approach, the MNP attached to the scanning particle was coated with
a layer of a marker molecule with known Raman signature. Instead of initial sig-
nal degradation by displacing and subsequent newly revitalisation by enhance-
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Figure 5.2.: Fluorescence enhancement between two MNP can be more
sensitive than the pure scattering or fluorescence behaviour of a small
single sphere.
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Figure 5.3.: The concept of SPRM (top) is capable to provide informa-
tion on local intensities (bottom), as the Raman response of the probing
MNP is proportional to the intensity square.
ment, as performed in the fluorescence experiments, the signal is now low by
default. If the proximity of a second MNP provides a local intensity enhance-
ment, this is directly recorded by an increase of the characteristic Raman signal.
This method was implemented and successfully applied in order to quantify the
field enhancement between two MNPs, see fig. 5.3.
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5.2. Future steps
Now, as some basic properties of electric fields in the vicinity of two MNPs are
understood and even applied for imaging purposes, the road forks into a couple
of untouched paths. Where do they lead, and what are the dead ends?
Particle-decorated scanning probes
In general, the particle tip has proven to be a versatile and powerful probe, and
double so if used in immersion liquids. It is much easier to obtain than any
“fibbed”1 structure, especially when concerning the initial costs.
The MNP doesn’t have to be a spherical particle, and, subsequently, doesn’t
have to be a particle: the entire range of ellipsoids, rods, pyramids is possible,
and certainly various combinations thereof, for example the “snowman struc-
ture” or the “bowtie antenna”. Certainly, the choice of materials is not restricted
to gold, e.g. magnetic MNPs would be a striking option.
Furthermore, the particles don’t even have to consist of metals, as long as the
affixation is feasible by a suitable type of molecules. If one detaches from op-
tics of nanostructures, the concept of “pick&peck”, denoting the apex of a scan-
ning probe decorated with a pre-selected item, shines as a neat idea for a whole
branch of experiments: proteins binding to antibody-coated tips are imaginable,
applicable e.g. for triggering enzymatic activity, and many more. In short: the
application of particle-decorated fibre probes surely has a future.
Particle-enhanced fluorescence microscopy
MNP-enhanced fluorescence microscopy, as implemented here, faces a couple
of challenges in order to become a quantitative method, as too many processes
affect the acquired fluorescence signal, and it is not easy to separate the contri-
butions satisfactory. While the amount of dye displaced by the fibre tip possibly
could be measured, the quantification of quenched fluorescence at two-MNP
systems is very difficult, as it is dependent on orientation and distance of each
dye molecule with respect to the MNPs. As a cheerful colleague said: “you
combine the disadvantages of fluorescence with the disadvantages of scanning
probes”.
If the quantitative precision of measurements is not too important, tip-
enhanced fluorescence microscopy has proven here to be a powerful means for
the examination of very small metal structures.
1I.e. milled by means of focused ion beam (FIB).
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Scanning particle enhanced Raman microscopy
SPRM has already proven to be a sensitive technique, but there is some scope for
improvements. A better alignment of particles and polarisation is now, as it is
recognised as a weak point, not a hindrance at all. The optimised experimental
approach would allow the detection of some twenty molecules.
The idea of a molecular sensor which provides resonant Raman scattering at
the MNP resonance might appear very promising, as this would enable SPRM
to become a single-molecule-based scanning probe technique with according im-
plications to resolution and sensitivity.
So talking about forks in the road, it appears very promising and worthwhile
to follow the sign labelled ‘SPRM’.
5.3. Closing remarks
In the previous paragraphs, a couple of thoughts are given, based on my con-
temporary knowledge and possibly unsound impressions. In a few years, some
of these points might be considered as silly, but I trust the individuals of the sci-
entific community to cherry-pick a very information and combine it with their
knowledge to something new I would never think of. May it avail.
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Appendix A
A. Appendix
Q: Which sorting algorithms should I use? They
taught me so many.
A: This is tricky. [...] Note: If you’re interviewing for a
company for a position with a focus on algorithms, the
above is not an excuse not to know your stuff.
Randall Munroe, XKCD FAQ
A.1. Remarks on picking particles
For years, the controlled decoration of a tip with a previously selected nano particle
was (and still is) a tedious thing to do. As the basic knowledge how to do it is
basically published [10], I would like to provide a few remarks of a more specific
character on this.
Origin
The procedure introduced in section 2.3.3 is a slight variation of the original
picking process, which was engineered by Kalkbrenner et al. [10].
The device
All research groups being successful in picking use “home-built” fibre tips, glued
to tuning forks, mostly 32.768 kHz and 76.800 kHz as these are the pysically
largest forks available (TC38 housing) – smaller forks are more sensitive to the
extra load of fibre and glue, which counterbalances the advantage of less noise,
which scales ∝√1/f. Concerning higher harmonics oscillation [105], I have no
experience with respect to particle picking.
B Appendix
The “glue”
The choice of the interlinking molecule (APTMS or APTES), its concentration in
aqueous solution, and the duration of submerging the tip is not crucial, as long
as no perfect monolayer is demanded. The recipes found in the literature are
optimised for monolayers and hence, the long submerging times of hours and
details like narrow temperature tolerances have to be obeyed. Here, in praxi, it
is sufficient to dip the fibre for 20 to 40 s into a the solution with a concentration
of 1:5 to 1:10. A long spill of water is sufficient for removing residual molecules.
Subsequently, the tip and the tuning fork are dried by means of a rubber ball
pump.
The fibre tip
The fibre tip itself should be rather blunt: the more pointed the tip is, the smaller
are the tolerances for positioning – a perfectly sharp tip demands a perfect align-
ment. Manual alignment usually does not exceed the optical resolution, so the
fibre may have a plateau of even 200 nm – this ensures that the picked particle
will be the very lowest part of the system. As a consequence, etched fibres turn
out to be “too good” in comparison to pulled ones.
For this reason, the actual type of fibre is irrelevant as the heat-and-pull pro-
cess is quite tolerant1 concerning the fibre’s material – opposed to etching by HF,
which is highly sensitive whether the fibre core is doped by Ge (good) or F (bad).
The magic moment
For successful picking, two more issues should be considered:
One should keep in mind that for larger excitation voltages applied to the tuning
fork, the connection of the APTMS to gold doesn’t take place due to the high ve-
locities and forces involved. According to my experience, for amplitudes higher
than 25 mV (in glycol), the particle will be literally kicked off the focal region
(supported by Brownian motion). Therefore, the tuning fork excitation should
not exceed 15 mV.
When the shear-force controller has lowered the tip, it may be helpful to facilitate
the bonding of the particle to the interlinkage molecule by clapping hands2 or,
if operated in immersion liquid, gently tap the optical table with a fingertip (not
1For owners of the same puller some parameters (which might serve at least as a base to start
from): HEAT 132, FIL n/a, VEL 17, DEL 135, PUL 197.
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Figure A.1.: Optical image (black and white) of an immersed fibre tip
carrying an 80 nm gold particle. Three light sources are involved: an
external light source causes the tip to cast a shadow in order to roughly
locate the tip at all. The concentric rings stem from the red laser which
is coupled into the fibre from behind and mark the optical axis of the
fibre. The bright spot in the middle is light from the Xe arc lamp, back-
scattered by the MNP.
fingernail). As interim method, the sound of clearing throats, i.e. sound with a
lower frequency spectrum than clapping, might help as well.
If everything worked out nicely, the operator may enjoy the sight of a particle-
decorated fibre tip as in fig. A.1.
Caution!
Occasionally, a redshift of the back-scattered spectrum may be observed in the
very moment of tip and particle touching. This spectral change can be perceived
even by bare eyesight and is caused by the pressure-induced mechanical defor-
mation: the spherical MNP is pressed by the tip with a certain force, resulting in
a very high pressure. For a “guesstimate” of the pressure, the spring constant of
an AFM tip (≈ 50 N/m) and a tip deflection of e.g. 500 nm (realistic for not very
cautious manual picking) lead to a force of 25 µN. This force, divided by a circle
of 80 nm in diameter leads to a force of 5 GPa. Such a high pressure causes severe
deformation (nanomint), as proven by SEM images of such “red” particles.
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Figure A.2.: Angular dependency of the scattering efficiency Q of a
finite SPA, calculated using a DDAmethod. The sketch on the left gives
the orientations of the plane wave propagation k and its polarisation.
Right. Scattering efficiencyQsca of the SPA for various wavelengths and
angles of incidence. Spectrally, the individual particle resonance is most
prominent and only slightly altered (white line marks maxima as guide
to the eye).
A.2. Lateral coupling at arrays of small particles
In section 3.4, small-particle arrays (SPA) were used as a means for field- and
fluorescence enhancement. In a subordinate clause, the possible existence of
optical forward scattering modes was uttered, as suggested by coupled-dipole
calculations for finite partially ordered arrays of particles [70, 106]. This section
shall provide some more information on the optical properties of particle arrays.
In order to examine the properties of in-plane modes theoretically, a finite,
perfectly triangular lattice (base length 120 nm) of Au spheres (12 nm in diam-
eter) was modelled three-dimensionally using the numerical method of discrete
dipole approximation (DDA), implemented in Fortran (DDSCAT 6.1) [107]. The
DDA technique, also known as coupled dipole approximation (CDA), produces,
among other things, the electromagnetic scattering properties (Qabs,Qsca,Qext) of
a target which is represented as an entity of polarisable point-sized dipoles em-
bedded in possibly absorbing media.
Fig. A.2 depicts the scattering efficiency Qsca in plane of the particles of the
aforementioned SPA in oil. A few properties can be deduced:
• The only significant features are found for an incident wavelength around
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520 nm. This wavelength corresponds to the plasmon resonance of a single
gold sphere. The absence of further features hints that no collective modes
are excited whithin the wavelength range of visible light.
• The precise position of the resonance peak position (white line in fig. A.2
right) is modestly altered if the angle of incidence θ is varied. Although
no collective mode is excited, the spatial relation to other MNP affects the
scattering cross section Qsca. The effect is very small, but within “crude
estimations” [70].
• The scattering efficiency is relatively high for θ ∼ 0◦ and θ > 70◦. This is ex-
plicable by the spatial configuration: at θ= 0◦, the finite array of MNPs lies
abreast to the direction of propagation. By turning the sample, the frontal
area consists of overlapping scattering cross sections, hereby reducing the
overall SCS of the structure. For θ approaching ∼ 90◦, coherent and incoher-
ent forward scattering occurs [108, 109]. An extensive review of coherent
forward scattering spectroscopy is given by reference [110].
According to [70], the condition for the existence of a surface-bound mode at




For a system as simulated in fig. A.2, this condition is satisfied by visible light3.
For the experimental system as applied in section 3.4.2 (glycol ngc = 1.42, centre







For our system, this condition is a < 240 nm – so the array of small particles
under examination (a = 120 nm) will tend to spread light laterally.
Up to here, the conditions A.1 and A.2 don’t take any material properties into
account. In order to fix this, [70] implements a second condition for the existence
of (coherent) forward scattering effects: basing on the first Mie resonance of a
spherical particle, the index of refraction n of the particle material must be
n > 1.76 . (A.3)
Assuming gold as particle material, this condition is weakly satisfied for wave-
lengths well below 450 nm, see fig. 2.2 on page 8. Indeed, the calculation de-
picted in fig. A.2 show a lowly increase of Qsca towards λ ∼ 400 nm.
3here: from 400 to 700 nm
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The DDA calculations fit easily into the theoretical framework of e.g. [70] –
“although our estimates [...] are crude” (sic!).
A.3. Numerical methods for the calculation of electric fields G
A.3. Numerical methods for the
calculation of electric fields
A.3.1. The multiple multipole technique – MMP
In short, MMP is a numerical technique for solving quasi-static electromagnetic
problems. As it is a domain-boundary-based method, it is very well suited for
nano-optical problems, as the difficulties which are specific for finite-element
methods, e.g. proper meshing in small gaps and error propagation, are circum-
vented. The major downside of MMP is its inability to calculate non-linear and
time-dependent phenomena.
Here, I will give a brief sketch of MMP, as the profound numerical simulations
accompanying this bookwere done by Jan Renger [48]. Themost comprehensive
introduction to MMP is naturally found to be from its creators, gathered around
Christian Hafner [111, 112, 113].
Theoretical setting
Starting fromMaxwell’s equations, a few assumptions4 lead to the homogeneous
Helmholtz equations
(∇2 + k2)E = 0, (∇2 + k2)H = 0 . (A.4)
The materials’ properties are put into k: k2 = µω2/c2. Of course,  and µ may
be spatially subdivided into different domains Dj, in which each j and µj are
uniform.
By treating the fields E,H as compositions of the incident (index in) and scat-
tered (index sca) field,
E = Ein + Esca, H = Hin +Hsca , (A.5)
the Helmholtz equations A.4 can be separated in such a way that the known
excitation (index in) and the fields produced by light-matter interactions (index
sca) are on different sides of the equal sign, with the excitation being the inho-
mogeneity. The solutions of this set of differential equations have to obey the
boundary conditions [23] for their parallel and perpendicular components.
4Aside from the absence of free charges and free currents, the assumptions for the material:
linear, homogeneous, isotropic, locally responding. The harmonic time dependence of the
fields is to be exp [−iωt].
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The approach of MMP
Basing on the principle of mirror charges [23], MMP is a so-called general mul-
tipole technique. In order to solve the prepared Helmholtz equations, MMP
discretises boundary surfaces - opposed to many numerical techniques which
discretise space (and sometimes time) into volume sections5.
MMP (and therefore the human using it) assumes that within a domain Dj, an
exact solution exists, whereas the boundary conditions are only satisfied within
an error margin. By this approach, the numerical effort drops significantly in
comparison to e.g. FDTD solvers, especially if the given problem is similar to
one for which a solution already is known.
Within a domain, the contained field is described by a (set of) multipole out-
side the domain, the multipole coefficients are calculated to fulfill the boundary
conditions within a certain accuracy. Thus, the multipole expansions inside a
domain describe the fields outside of it. The given problem’s parameters, i.e.
multipole expansion weight, are optimised in order to minimise the error at the
boundaries’ matching points.
Of course MMP has its downsides, which basically are caused by the pre-
paid assumptions and simplifications: while the absence of free charges and free
currents simplifies Maxwell’s equations in general, the demand for the material
properties (linearity, homogeneous, isotropy) are not necessary e.g. for FDTD, so
the modelling of a nonlinear response to optical pulses is impossible by means
of MMP.
Furthermore, the number of matching points is restricted. This restriction is not
a rigid border6 but a trade-off between the model’s accuracy in comparison to
the “real world” (the more matching points, the better) and the numerical preci-
sion, which decreases with rising over-determinacy of the differential equation
system.
A.3.2. Discrete Dipole Approxiamtion – DDA
Originally, DDA was developed in order to simulate scattering phenomena in
interstellar clouds of dust, but turned out to be fine for any arbitrarily shaped
particles [114].
Whereas MMP is nicely suitable to describe geometries unique in spatial char-
acter, the discrete dipole approximation (DDA, sometimes referred to as coupled
5Effectively, both volume and surfaces are fragmented, without taking advantage from the frag-
mented boudaries.
6It used to be due to limited computer memories, though.
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dipole approximation CDA) relies on the periodicity of the structure under ex-
amination. The following paragraphs sketch the mathematical peculiarities and
the implementation of DDA.
Theoretical concept
The idea is to describe the entire system under examination by means of dipoles,
or, more precisely, polarisable points. The spacing of the dipoles must be smaller
than the wavelength. Following the notation of Shimura et al. [114], each dipole
(counter j) has a polarisation Pj, caused by the incident field (Einc,j) and affected









As for dipoles in media, the polarisation αmay be simply assigned, the problem
is formed to a set of inhomogeneous, linear vector equations:
N∑
k=1
AjkPk = Einc,j . (A.7)
This is accessible by various solving techniques.
DDA implementations
Two “scientific grade” implementations of DDA exist: one is named MPB (MIT
Photonic Bands) from Johnson [115], the other is named DDSCAT from Draine
and Flatau [107]. As the names suggest, MPB is specialised in calculating band
structures of e.g. photonic crystals, whereas DDSCAT is more appropriate for
answering questions in the context of scattering problems.
The DDA-based calculations presented in this book are executed by the
DDSCAT. This Fortran-coded program directly produces efficiency factors Q
for scattering, absorption and extinction, the relative phase lag and even, if re-
quested, radiation-induced torques and forces on scatterers. Furthermore it al-
lows for metal-like permittivities and angular analysis of the scattering parame-
ters – both applied in the course of this book.
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A.4. Devices
This section should not be considered as advertisement, it is more like a service
for the reader. The following items have proven to be necessary in order to ac-
quire the data presented in this thesis.
A.4.1. Light Sources
• Laser “BMW” (Coherent Compass series), 532 nm, 100 mW, monomode.
• Xe arc discharge lamp, 150W, bulb Ushio UXL 152, 400 nm to 800 nm, with
home-built power supply w/ignition.
• Flexible fibre neck white-light lamp.
• Various Laser diodes 5 to 10 mW 650 nm, fibre coupled.
A.4.2. Optics
As central device to which all other optical and mechanical components were
related, inverted microscopes are common. Here, we used a Zeiss axiovert
200, equipped with 1x, 2x and “no” tube lens revolver, color- and b/w cam-
era (base- and front port, respectively), and a variable beam splitting of vi-
sual/spectrometer 100%/0% and 20%/80%. Two objectives were used:
• Zeiss PlanNeoFluar 100x / 1.3 /∞ / 0.17.
Entrance pupil diameter 4.20 mm, free working distance (assuming a BK7
slide of 0.17 mm) 0.06 mm, field of view 23 mm, position of backfocal plane
-16.90 mm
• Zeiss α-PlanFluar 100x / 1.45 /∞ / 0.17.
Focal length 1.645 mm, entrance pupil diameter 4.79 mm, free working dis-
tance (assuming a BK7 slide of 0.17 mm) 0.11 mm, field of view 23 mm,
position of backfocal plane -4.99 mm
The immersion liquid between lens and substrate was always Zeiss Immersol
518F. On the upper side, the immersion liquid on BK7 substrates was either the
same or, if a scanning probe was required, a 1.52 matching oil with low viscosity
(#1160 from Cargille, USA). On quartz substrates, glycol and glycerine turned
out to be suitable, depending on the tolerable solvent-shift on possibly solved
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Figure A.3.: Spectrum of the Xe arc discharge lamp, manipulated by
various notch filters: 488 nm from Kaiser optics, 532 and 594 nm from
Semrock, 650 nm from Agfa. Note that this presentation does not prop-
erly reveal the optical densities.
dyes. Glycerine tends to aggregate water, which may reduce the index of refrac-
tion significantly.
Applied notch filters (applied outside the microscope) are listed in fig. A.3.
For polarisation control, achromatic retardation plates from Gebru¨der Halle
Nachf., Berlin were used in combination with an SLM from Boulder Nonlinear
Systems, model XY P532. Spectral analysis was done by a Solar TII MS7504
spectrometer (applied gratings had 75 and 600 lines per mm) with a motorised
entrance slit, combined with a cooled (-45◦) 2048x256 px Andor DU440 CCD
camera.
The optical fibre was a single-mode for 633 nm from 3M, type FS-SN3224, with
NA 0.12, 4.8 µm core and 0.125 mm diameter [116]. Unfortunately, it was manu-
factured just until 2005. One PhD thesis (including three accompanying diploma
theses) takes about 300 m. This fibre is germanium-doped – in opposition to its
fluorine-doped competitors. This doping alters the etchability by hydrofluoric
acid enormously. In order to obtain sharp tips, etching by means of hydrofluoric
acid turned out to be the weapon of choice [117]. Here, a blunt, rather platform-
like shape was demanded, which can be achieved by heating and pulling. The
fibre puller was a P-2000, manufactured by Sutter Instrument Company, USA.
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A.4.3. Hardware
Tip scanner Tritor 100 SG compact, substrate scanner PXY 101 CAP, both from
piezosystem jena GmbH, Jena, Germany. Both devices provide a resolution of
2 nm for each axis.
The feedback loop circuitry is based on various free samples (mainly OPA 694)
from Texas Instruments.
The controller code, mainly from Tobias Otto, is running on an AdWin Basic
system, and is fed by a lock-in amplifier LIA-MVD-200-H, (femto Berlin), which
in turn is locked on a frequency generator DS335, Stanford Research.
The entire experiment was installed on a floated optical table. The entire room
was equipped with “electric darkness”, i.e. black curtains, cloths and window
shades. The temperature of the room was controlled within a few degrees Cel-
sius, the relative humidity was below 60%.
A.4.4. Software
Experimental control by AdWin Basic and SPMControl, a software by Tobias
Otto. Numerical modelling was done with MMP [111, 112, 113] and DDSCAT
[107]. Data winnowing by Mathematica with the aid of regular expressions,
the graphs were turned into graphics by means of Adobe’s Illustrator, SEM im-
ages were adapted by LemkeSoft’s GraphicConverter and ImageMagick. Text
editing happened by means of GNU emacs and, mostly, TheCodingMonkeys’
SubEthaEdit.
This thesis is a pdflatex’ed product, based on a slightly altered version of Ilja
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